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Abstract

:

The effects of deep cryogenic treatment (DCT) on the wear behavior of different tool steels have been widely reported in the scientific literature with uneven results. Some tool steels show a significant improvement in their wear resistance when they have been cryogenically treated while others exhibit no relevant amelioration or even a reduction in their wear resistance. In this study, the influence of DCT was investigated for a grade that has been barely studied in the scientific literature, the AISI A8 air-hardening medium-alloy cold work tool steel. Several aspects were analyzed in the present work: the wear resistance of the alloy, the internal residual stress, and finally the secondary carbide precipitation in terms of lengths and occupied area and its distribution into the microstructure. The results revealed a reduction in the wear rate of about 14% when the AISI A8 was cryogenically treated before tempering. The number of carbides that precipitated into the microstructure was 6% higher for the cryogenically treated samples, increasing from 0.68% to 0.73% of the total area they covered. Furthermore, the distribution of the carbides into the microstructure was more homogenous for the cryogenically treated samples.
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1. Introduction


There are two types of cryogenic treatments. Shallow cryogenic treatment, where the temperature is between −80 and −140 °C, and deep cryogenic treatment (DCT) (the one used in this study) where the temperature can range between −140 and −190 °C [1].



The effects of DCT on the wear behavior of different tool steels have been widely reported in the scientific literature [1] with uneven results [2]. For example, for the AISI D2 tool steel, the wear resistance improvement achieved with DCT varied from about 10% [3] to 800% [4].



AISI M2 showed different results depending on the test, obtaining wear resistance improvements of 343%, but also a reduction in wear resistance of 22.8% [5]. Mohan et al. analyzed the same grade, obtaining an improvement in the wear resistance ranging from 86.6% to 135%, depending on the test. Moreover, they also worked with AISI T1 and AISI D3, in both cases improving the wear resistance, which ranged from 48% to 174% for D3 and 110% for T1 [6].



This improvement in the wear resistance can be mainly attributed to the precipitation of fine secondary carbides that occurs when the material is cryogenically treated [7] and to the transformations of the retained austenite into martensite [8]. Aside from the increase in the amount of precipitated carbides, Huang et al. [7] also observed a more homogeneous distribution of them in the microstructure.



Martensite contraction, due to thermal stresses during DCT cooling, is the only microstructural mechanism proposed for fine carbides precipitation in tool steels. This contraction causes carbon atoms to segregate near lattice defects, creating fine secondary carbides during the heating from the cryogenic temperature [9].



Some other consequences of the cryogenic treatments in some tool steels are toughness reduction [10], hardness increase [11], or compressive residual stress reduction [12].



The duration of the DCT has been identified with an optimum time for wear reduction of 36 h for the AISI D2 by different researchers [13,14] and the same soaking time also reduced wear to a minimum for 18% Cr martensitic stainless steel [15]. This study revealed an increase in the wear rate with longer soaking times.



The position of the DCT inside the heat treatment process has been analyzed, since it is not clear where to place it. Some steels have a lower wear rate when the DCT is placed at the end of the heat treatment process after tempering [16], while others develop better wear resistance when the DCT is placed between quenching and tempering [17].



Another interesting consequence of the cryogenic treatments is the surface residual stress reduction. This residual stress is a consequence of complex dimensional variations that are related to the heat treatments. The DCT is applied for several hours, rearranging the atoms in a more coherent way to reduce the residual stresses [17]. However, according to Bensley et al. [12], the surface residual stress distribution is strictly related to both the retained austenite reduction and fine carbide precipitation mechanisms, while other studies relate this phenomenon only to the precipitation of fine carbides in the microstructure [18].



Lately, cryogenic treatment has been applied to different alloys like magnesium [19,20] and high vanadium alloy steel to improve their mechanical properties [21], or to different welded joints to reduce the residual stresses [22] and improve the tensile properties of the joints [23]. The application of DCT for the improvement of the corrosion resistance of different alloys has also been investigated. Ramesh et al. [24] measured an improvement of 69% in the corrosion resistance of rebar steel following DCT due to the increase of the perlite phase. Gong et al. [25] improved the corrosion resistance to NaCl via an immersion test of AZ61 magnesium alloy welded joints after deep cryogenic treatment.



Tool steels show the largest wear resistance improvements when they are cryogenically treated. For this reason, several tool steel grades have been studied in the scientific literature: AISI H13 [26,27,28]; AISI M2 [5]; AISI T1 and AISI D3 [6]; AISI D2 [10]; and AISI D6 [8]. However, to the best of our knowledge, only one study has been published concerning cryogenically treated AISI A8. In this study [29], Pillai et al. developed a wear mechanism map for the DCT samples and also measured an increase of 3–5 HRC on the hardness of the surface and a 15% reduction of the wear rate and the coefficient of friction when compared with the conventionally treated samples.



This work was conducted to cover this lack of information on the influence of DCT on AISI A8. For that purpose, several aspects were analyzed to understand the effects of cryogenic treatment on AISI A8, including the wear resistance, the internal residual stress, and the precipitation and distribution of the secondary carbides into the microstructure.



For this purpose, pin-on-disk laboratory wear tests were conducted to study the wear behavior. Scanning electron microscopy combined with image analysis was used to identify the secondary carbides and quantify their size and distribution for the different samples. The internal residual stresses were measured using the X-ray diffraction technique.




2. Materials and Methods


2.1. Material


AISI A8 is a widely used tool steel alloy that shows high hardenability, good wear resistance, and high dimensional stability, resistance to dynamic loading, and toughness. Typical applications include cold forming, blanking, and bending dies, punches, hot rolls, and hot and cold shear knives. Its chemical composition can be seen in Table 1.



The heat treatment process parameters followed by the samples can be seen in Table 2. A multistage DCT was applied to Sample 2 instead of the traditional isothermal DCT. With the multistage DCT, materials undergo several stepwise controlled cryogenic temperature cycles. Subsequent heating and cooling induce a mechanical contraction–expansion effect that overlaps the mere thermal effect, making treatment more effective. It reduces the DCT duration from 36–24 h to 15 h, therefore achieving the same mechanical properties as conventional DCT with lower nitrogen consumption [30]. Multistage DCT parameters were taken from a previous research [30].



In order to study the effect of the parameters considered in this work, two different samples were produced as a result of applying different heat treatments, as presented in Table 2. The sample sizes were 100 mm × 80 mm × 15 mm. These samples size correspond with the dimensions of a typical cutting shear blade made with AISI A8 alloy for industrial use—80 mm height × 15 mm thickness. Due to the relatively small thickness of the samples, forced air quenching at room temperature was used instead of oil quenching in this study. The final hardness achieved in this case was 57 HRC for both samples.




2.2. Wear Test


The pin-on-disk laboratory wear tests were run according to ASTM G99-05(2010) [31] using Microtest wear and friction pin-on-disk test equipment computerized with MT4002 software (MT4002, Microtest, Madrid, Spain) for the control, data acquisition, and data processing (see Figure 2).



The experimental parameters used for the wear test are as follows. All sample surfaces were ground to 0.8 µm Ra surface quality according to the ASTM G99-05(2010) standard. The angular velocity of the testing machine was adjusted to 0.3 m/s linear speed and the load was established at 100 N. All experiments were run for a 500 m distance. These parameters were chosen based on those used by other researchers to analyze the benefits of cryogenic treatment on the wear behavior of several tool steels [32]. A 6 mm diameter tungsten carbide (WC) ball was attached to the testing machine as a counter material. A WC ball was used since it has very good wear properties and hardness appropriate for use as a counter ball, and it has been previously used for this purpose [26]. Tests were performed three times for each sample. These parameters are summarized in Table 3.




2.3. Microstructure


The microstructure of the materials was observed on a JEOL JSM-7000F scanning electron microscope (SEM) (JEOL Ltd., Tokyo, Japan) and the obtained images were analyzed using Fiji software (public domain software) [33] to quantify the carbide sizes and their distribution for each sample.



The microstructure was formed by a martensitic matrix with small carbides distributed for Sample 1 and Sample 2, as it can be seen in Figure 3 and Figure 4, and in the X-ray diffraction (Bruker Corporation, Billerica, Massachusetts, USA) lines of Figure 5.



Figure 4 shows a higher magnification SEM image of the two samples where the martensitic structure is appreciated.



For the AISI A8 alloy, there was no retained austenite transformation into martensite during the cryogenic treatment since all of the austenite was transformed into martensite during quenching, or at least its amount was below 2%, which is the minimum amount of a phase required to be detected with the X-ray diffraction (XRD) equipment used in this study (see Figure 5). Therefore, the influence of the cryogenic treatment could only be observed by analyzing the precipitation of the carbides.




2.4. Internal Residual Stress


A Bruker D8 Discover diffractometer (Bruker Corporation, Billerica, MA, USA) was used to measure the internal residual stresses of the samples. This equipment was equipped with a Cr Twist tube, PolyCapTM (1 µ single crystal cylinders) system for parallel beam generation (divergence of 0.25°), a V filter (λ = 2.2911 Å), and a 1-D LynxEye detector (Bruker Corporation, Billerica, MA, USA) (active length in 2θ 2.7°). Data were collected from 151° to 160° 2θ (step size = 0.05 and time per step = 5 s), mounted on a Eulerian cradle with an automatically controlled X-Y-Z stage.



The stress measurements using X-ray diffraction are basically strain measurements in crystalline regions—the stresses can be calculated from the measured strains when the elastic constants are known. In a polycrystalline material with many crystals in random orientations, a measuring vector nψϕ must be introduced, describing the orientation of an experimental selected {hkl}-net plane normal with respect to the sample coordinate system, by the azimuth angle ϕ(phi) and a tilt angle ψ(Psi). Obviously, the strain εψϕ (in the direction of nψϕ) also depends on the azimuth and tilt angles.



The procedure for stress measurements in a sample can be performed by changing the tilt angle at a constant azimuthal angle; when the measured strains are plotted versus Sin2ψ, an X-ray stress analysis can be performed. The traditional Strain–Sin2ψ method [34,35,36] is based on the elastic theory of an isotropic solid that depends on the linear relation of measured diffraction strain ε and Sin2ψ, where ψ is the tilt angle of the specimen (i.e., the inclination of the lattice–strain measurement direction with respect to the direction normal to the surface of the specimen). The stress can be obtained from the slope of the straight line fitted to the measured ε–Sin2ψ plot. The linear relation of ε and Sin2ψ is effective for the analysis of a homogeneous stress state in a macroscopically isotropic elastic specimen.



Strain values were recorded in side inclination mode for different sample tilt angles (Psi) over seven steps, 0–0.7 range in Sin2ψ (0, 9.47, 18.93, 28.40, 37.86, 47.32, and 56.79°) at constant azimuth angles (phi). To estimate the stress values, Strain vs. Sin2ψ was plotted. At least six measurements are needed on Strain-Sin2ψ plot using three different values of (phi) in order to acquire a complete evaluation, so 0°, 45°, and 90° were chosen in negative and positive values.



The internal stresses were measured in the section transversal to the rolling direction. Samples were mechanically polished and finally electrolytically polished to eliminate any possible deformation on the surface of the samples created during the mechanical cutting/polish process before the measurements.





3. Results and Discussion


3.1. Wear


Pin-on-disk tested samples were measured using a computer-controlled Taylor Hobson surface profiler. From this surface profiler, the wear track profile was obtained and finally the wear rate was calculated. In Figure 6, the distribution of the experiments wear rates and the mean value are plotted for the two samples.



The wear rate results revealed an improvement in the wear resistance of the cryogenically treated Sample 2. This improvement was about a 14% of reduction in its wear rate. One-way analysis of variance (ANOVA) was performed as well to decide whether there were significant differences between the means of the two classes. In this case, the p-value was 0.249, which provides weak evidence that the null hypothesis does not hold. However, as only two classes are compared, we can say that the classes are different, so the DCT improved the properties of the material even if this improvement is not very significant. These results were in good agreement with those obtained by Pillai et al. [29].



The wear track obtained after the laboratory tests can be observed in the Figure 7. The wear mechanism observed in both samples is a combination of adhesive and abrasive wear.




3.2. Microstructure


The secondary carbides were quantitatively analyzed to study the influence of the DCT on the microstructure of AISI A8.



First, the SEM micrographs were binarized using the Auto Local Threshold plugin (see Figure 8) and they were then automatically analyzed using the Sauvola algorithm.



After this procedure, the following information for the carbides was obtained: centroid positions (the mean position of all the points in all of the coordinate directions), and the number of particles and their sizes. To calculate the distribution of the carbides, their centroids were used by computing the distances to the four closest neighbors and their averages using an script in MATLAB developed in-house [37].



From this procedure, the number of carbides present in each sample was quantified and the density of these particles per area was calculated along with their mean lengths and the percentage of the total occupied area. Results are shown in Table 4 with the standard deviations. The carbide distribution measurement method is described in greater detail in a previous study [38].



Study of the microstructure revealed an increase of 6% in the number of carbides for Sample 2. We can conclude that a precipitation of new fine carbides occurred when AISI A8 was cryogenically treated since the area occupied by them increased while their mean length was reduced.




3.3. Carbide Distribution


As previously mentioned, carbide centroids were used to compute the four closest neighbors and their averages in order to calculate their distribution (see Figure 9).



Figure 9 shows that the average distances among the carbide particles had a smaller dispersion for the cryogenically treated sample (Sample 2). This means that the precipitation of carbides due to the cryogenic treatment took place all over the sample in a more homogeneous way and it was not restricted to a limited area or areas. The new carbides precipitated with the DCT into the previous carbide interspaces, giving rise to smaller distances between particles, and thus a more homogeneous distribution.




3.4. Internal Stress


Internal stress measurements revealed very similar results for both samples with values around 0 MPa in both cases. These internal stresses obtained in the section transversal to the rolling direction were similar in both axes. Even if a compression stress was delivered in one of the directions measured during the rolling process, all the internal stresses disappeared due to the tempering treatments followed by the samples. No differences regarding the influence of the DCT after the tempering were measured. Therefore, we can conclude that the internal stress was not influenced by the cryogenic treatment for the case studied in the present work.





4. Conclusions


The wear of the AISI A8 tool steel was augmented when it was subjected to deep cryogenic treatment. This improvement was 14% for the laboratory tests in comparison with the conventionally treated sample.



The study of the microstructure revealed an increase in the number of secondary carbides for the cryogenically treated samples since their density was 12.5% higher. The final microstructures of the cryogenically treated samples had more carbides, covered a larger area, and were more homogeneously distributed than those in the conventionally treated samples. This increase in the number of homogeneously distributed carbides can explain the improvement in wear resistance.



The internal residual stress of the AISI A8 alloy was not influenced by DCT for the case studied in the present work. The final tempering applied to both samples may be the reason for the total relaxation of the internal stresses.



A multistage DCT was presented in this work. Results revealed an improvement of the wear resistance of the AISI A8 tool steel as it contributed to the precipitation of fine secondary carbides. Besides these improvements of mechanical properties, the DCT process itself was also improved by a reduced duration when compared with the conventional DCT.
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Figure 1. Cryogenic multistage treatment performed on Sample 2. 
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Figure 2. Pin-on-disk laboratory test equipment used for the experiments (a) and detail of the wear track created by the turning the tungsten carbide (WC) counter ball over the sample surface (b). 
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Figure 3. SEM image of the microstructure of the AISI A8 tool steel for Sample 1. Several secondary carbides are identified in a martensitic matrix. 
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Figure 4. SEM images of the Sample 1 (a) and Sample 2 (b) microstructures. The martensitic structure can be appreciated in both cases. 
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Figure 5. X-ray diffractograms of Sample 1 and Sample 2. 
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Figure 6. Wear rate obtained for the different heat treatment processes followed by samples of AISI A8 tool steel. 
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Figure 7. Micrograph of the wear track of Sample 2 where the different wear mechanisms can be observed. 
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Figure 8. Original SEM image of Sample 1 (a) and the same image after binarization with the same scale for image analysis (b). 
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Figure 9. Carbide distribution for Samples 1 and 2. 
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Table 1. Chemical composition in weight percentage for the studied tool steel and Rockwell C hardness after conventional heat treatment.
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	Material
	C
	Mn
	Si
	Cr
	Ni
	Mo
	W
	Hardness





	AISI A8
	0.5–0.6
	0.5
	0.75–1.1
	4.75–5.5
	0.3
	1.15–1.65
	1–1.5
	48–57 (HRC)
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Table 2. Different heat treatment processes applied to the AISI A8 tool steel samples.
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Sample

	
Processing Sequences






	
1

	
Heat-treated at 1050 °C for 30 min followed by forced air quenching

	
Tempered at 500 °C for 90 min

	
Tempered at 500 °C for 90 min

	




	
2

	
Heat-treated at 1050 °C for 30 min followed by forced air quenching

	
Multistage deep cryogenic treatment (DCT) (see Figure 1)

	
Tempered at 500 °C for 90 min

	
Tempered at 500 °C for 90 min
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Table 3. Parameters used for the pin-on-disk laboratory wear tests.






Table 3. Parameters used for the pin-on-disk laboratory wear tests.





	Shape of the Sample
	Counter Body
	Normal Load (N)
	Sliding Velocity (m/s)
	Total Sliding Distance (m)





	Disc
	WC ball
	100
	0.3
	500
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Table 4. Density, length, and area occupied by the carbides for Samples 1 and 2.






Table 4. Density, length, and area occupied by the carbides for Samples 1 and 2.





	Sample
	Density (Particles/µm2)
	Mean Length (µm)
	Area Occupied (%)





	1
	0.168 ± 0.09
	1.53 ± 0.4
	0.68 ± 0.3



	2
	0.189 ± 0.06
	1.43 ± 0.4
	0.73 ± 0.2
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