

  machines-11-00351




machines-11-00351







Machines 2023, 11(3), 351; doi:10.3390/machines11030351




Article



Effect of Hardening Temperature on Maraging Steel Samples Prepared by Direct Metal Laser Sintering Process



Radoslav Vandzura *[image: Orcid], Vladimir Simkulet, Matus Gelatko[image: Orcid], Michal Hatala[image: Orcid] and Zuzana Mitalova





Faculty of Manufacturing Technologies, Technical University of Košice, 080 01 Prešov, Slovakia









*



Correspondence: radoslav.vandzura@tuke.sk; Tel.: +421-55-602-6359







Academic Editor: Mark J. Jackson



Received: 18 January 2023 / Revised: 19 February 2023 / Accepted: 25 February 2023 / Published: 3 March 2023



Abstract

:

This paper deals with the application of the direct metal laser sintering (DMLS) process, which already has a dominant position in the area of additive manufacturing (AM). This DMLS technology is used in many branches of industry and medicine, especially in piece production, small series, and prototypes. The portfolio of used metal powder materials includes aluminum alloys, austenitic steels, maraging steels, special alloys of nickel and titanium. The properties of these products are very often improved by further heat treatment after printing, such as a hardening process, by which microstructure and hardness can be increased. Heat treatment processes of metal AM components are already described, but experiments focused on optimization of these processes are still missing. In the article, the maraging steel samples printed by the DMLS method are subjected to testing after hardening processes, which differ by reducing the maintaining time at a defined temperature, recommended by the manufacturer. The result of the evaluation will be the reaching of similar results, which are set by the powder manufacturer, however, with shorter time of samples treatment. Therefore, the elevated temperature is selected, with the purpose of monitoring the shortest possible time of a temperature impact. The experimental temperature was set 590 °C with different durations at this temperature, for 1, 2, 3, 4, 5 and 6 h. The cooling process runs controlled in the furnace or in the still air. The maintaining time proved to be the most ideal already at 1 h exposure and cooled in the still air, where a higher hardness value of around 50 HRC was reached. During the resulting microstructure evaluations, fine carbids and martensitic lamellae were observed. More uniform and finer lamellar microstructure occurred at 5 and 6 h temperature intervals.
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1. Introduction


The direct metal laser sintering (DMLS) 3D printing method and other comparable printing techniques, such as Selective Laser Sintering (SLS) and Laser Powder Bed Fusion (LPBF), have already found use in a variety of technical fields, as well as in the medical field, aerospace industry, and other fields [1,2,3]. In addition to polymers, other materials can be used, including iron, non-ferrous metals, ceramics, and composites. [4,5,6,7,8,9,10]. By adding additive elements to the alloy [4,5,6,7,8], which is regularly experimented with in addition to finishing operations like heat treatment and hardening [2,5,7,8,9,10,11], the qualities of the material are improved. In the field of fast prototyping, the DMLS and SLS processes have their origins in the 1970s with the creation of prototypes. [1,2,3,4,5,6,8,9,10,11].



Due to the benefits they provide, particularly the more effective fabrication of components with extremely complicated geometries, interest in these technologies of additive manufacturing of metal parts has increased significantly over the past several years. Over the past ten years, a small number of businesses have begun to create DMLS technique variants with the intention of advancing process technology in general [12]. Figure 1 illustrates the evolution of DMLS through the year 2004 together with other related technologies by showcasing innovations and commercial developments in chronological order on the vertical axis and technological area on the horizontal axis.



A decade before additive manufacturing techniques and the name Rapid Prototyping became popularized in the 1960s of the 20th century, the notion of fabricating metal components via the laser-induced fusing of powder material was first proposed by Frenchman Pierre Ciraud [12,13]. His fundamental concept is to enable the production of parts without the need for casting molds. This idea was not sufficiently ready for commercialization, because computers were then only in their infancy. Six years after Ciraud, another inventor named Ross Householder submitted his patent application. He described a system and technique that were similar to subsequent commercial laser sintering systems [12,14].



The invention’s claimed goal was to develop a novel molding method for building up three-dimensional components, using layers that could be controlled by computer technology. In one design, the layers are created using fusible particles, which are then individually fused by a laser beam to define the final result. Housholder was only able to thoroughly test a variant approach that did not require a laser at the time due to the prohibitively expensive cost of lasers at the time. His creation was not commercialized at the time and went unnoticed until DTM Corporation came upon it, while working on their own patent filings. [12,15].



Early through the 1980s, the initial steps in the commercialization of additive manufacturing techniques and powder-based additive processes were taken. Chuck Hull, the creator of 3D Systems and the US 4,575,330 patent [16], launched commercial “RP” in August 1984. In the area of laser sintering, EOS acquired exclusive rights to the full 3D system patent portfolio in 1997. Around 1986, Hull’s approach was the subject of research by master’s candidate Carl Deckard at the University of Texas (UT), who used powdered materials instead of liquid ones. Part Generation by Layerwise Selective Sintering (PGLSS) was the original name of his technique; Selective Laser Sintering was eventually used (SLS). A computer-aided laser apparatus that sequentially sinters a number of powder layers to create a desired portion layer-by-layer, was the subject of the ensuing October 1986 patent application [12,17].



In April 1987, Helisys was founded by Michael Feygin to commercialize his ideas, where he used a scanning laser in the production of laminated molds. Another similar development to cast shapes without the use of a mold took place by Frank Arcello, in March 1988. As a consequence of research and development by Deckard, Beaman, and associates at UT, DTM Corp. launched Sinterstation 2000 as the first commercially available system for laser sintering in December 1992. By EOS GmbH of Munich, Germany, the second industrial laser sintering system was introduced in April 1994. The combination of powder metallurgy technology from Electrolux Rapid Development (ERD) by Mr. Russia from Finland, and EOS plastic laser sintering technology led to the creation of the first commercial DMLS system.



A revolutionary powder idea for pressureless sintering with extremely little shrinkage was created by Nyrhilä in 1989 [18]. Before successfully reaching an agreement on a patent license and collaboration between ERD and EOS in 1994, he had the notion of employing this technique for DMLS and had discussed it with a number of possible partners. In 1994, the installation of the first test systems created by EOS [12], where the modified bronze nickel-based powder was sintered in 100 μm layers using a 100W CO2 laser, was done and commercial EO-SINT M 250 systems were deployed for another year. This opened the door for the first really commercial application of DMLS for quick machining and made it feasible to make complicated components with high accuracy and acceptable surface quality, which was previously impossible with any other direct metal technique. Since then, despite several changes in ERD’s owners, the relationship remained. A German cooperative initiative was launched at the end of 1995 to improve the DMLS process further and make it possible to produce fully dense components by fully melting single component ceramic and metallic materials like 1.4404 steel [12].



Within the German cooperative project, at the end of 1995, together with partners EOS, Fockele and Schwarze (F&S) and Fraunhofer Institutes, developed equipment for the construction of fully dense parts from one-component ceramic and metal materials, using DMLS technology.



Due to the small market size and prospects for machinery sales, the Trumpf company terminated PBF between 2006 and 2014 [13]. In 2002, f. Arcam invented the technique for electron beam powder bed fusion and unveiled the first industrial system. In parallel with Arcam, the Extrude Hone Company unveiled the first AM system based on metal sintering in 1999 [15].



Systems from traditional machine makers, such as Trumpf and DMG, followed suit during the following two decades. (Figure 2.) The first business to adopt a traditional plasma arc welding procedure for AM machine technology was Norsk Titanium in 2007. The aerospace industry was the major area of attention. HP and Desktop Metal introduced their metal printer technologies in 2016 [15], entering the market.



Other operations, including as the curing process, enhance the final qualities of the objects produced by these printers. Some researchers [19,20,21] studied the mechanical characteristics of powder additive products and noted alterations in the material’s properties or microstructures after the printing process or after the operation was finished [22,23].



According to several publications [7,8,9,24,25,26,27,28,29], these qualities have recently been enhanced by heat treatment procedures (such as tempering, annealing, hardening, etc.), where the values of hardness and strength have more than doubled. Another of the researched features, that is a part of other essential usable properties of the product generated by this method of 3D printing technology, is the fatigue strength of the material, prepared by DMLS or a similar employed laser melting technique [30,31].



The heat treatment, annealing for example, demonstrably changes mechanical properties of AM materials in the study: Production of Hybrid Joints by Selective Laser Melting of Maraging Tool Steel 1.2709 on Conventionally Produced Parts of the Same Steel, by K. Kucerová, et. al, where hybrid parts were made by DMLS technology, from maraging steels 18Ni300 (MS1) and VACO180. A study deals with various ways of annealing and cooling of mentioned hybrid material, and the influence of these process on mechanical properties of the material, is taken into account. Original tensile strength was 1029 MPa in components. Using the solution annealing, yield strength was decreased by 150 MPa. In the case of precipitation annealing, a strength increased to 2011 MPa [24].



During the experiment by Luca Fachini, et. al: Ductility of a Ti-6Al-4V alloy produced by selective laser melting of pre-alloyed powders, martensitic structure was stabilized, due to the process variation, which consequently led to the increasing of mechanical properties of Ti-6Al-4V alloy [7]. Some other researches are focused on the resulting mechanical properties of the material, reached by the input AM process parameters variation, however, not by the material properties changing after the 3D printing process. There are not too many available sources and scientific studies, which are aimed on the MS1 material properties variation, or any similar maraging steels, prepared by the AM process. Experiments on conventionally made maraging steel materials, could be the good stepping-stones, such as studies [32,33]. Nevertheless, these materials includes apparently the same chemical compositions, a different manufacturing method need to be taken into account, which refers to AM materials prepared using the PBF technologies. Available AM materials generally have one heat treatment process, in order to increase properties of individual material. However, it is appropriate to pay attention on researches, focused on various heat treatments, with the aim to recognize the behavior of material, its mechanical properties and inner structure changes at different ways and conditions of heat treatment.



Evaluated material reaches double values of hardness and strength increase, after the heat treatment with 490 °C temperature for 5 h. Examined lower temperature did not reach such an effect [20,21,24,28]. Therefore, the plan of the experiment will be the reaching of similar results and evaluate the best possible time of elevated temperature impact on the sample, using the epistemological process.




2. Materials and Methods


Direct metal laser sintering (DMLS) means sintering using a laser beam, where metal powder is directly used to produce metal connections in the construction process. A diverse portfolio of materials used in the production of metal parts by DMLS, developed by EOS GmbH, as the first commercial method of rapid prototyping [1,2,3,6,8], includes Tool Steels, Stainless Steels and Maraging Steels, various Nickel Alloys, Titanium, Refractory Metals, light metals as Aluminum, Copper etc. [1,2,3,4,5,8].



Direct metal laser sintering (DMLS), electron beam melting (EBM), selective heat sintering (SHS), selective laser melting (SLM) and selective laser sintering (SLS) are some of the most popular printing methods utilized in the Powder Bed Fusion process (PBF), according to ISO /ASTM 52900:2021 standard. Laser or electron beams are used in powder bed fusion (PBF) techniques to melt and fuse separate material powder particles. The powder material must be dispersed over earlier layers in every PBF procedure. This can be accomplished using a variety of devices, such as a roller or a blade. The supply of new materials is provided by a hopper or reservoir beside the bed. The same process as selective laser sintering (SLS), direct metal laser sintering (DMLS) uses metals rather than polymers. Layer-by-layer, the powder is sintered during the process. The basic principle of PBF technology is shown in Figure 3 [34,35,36].



Advantage of DMLS process in comparison other similar methods (such as SLS, LPBF and more), that it provides higher resolution of a details, thanks to the use of thinner layers, which allows a smaller diameter of powder particles. This ability makes it possible to create more complex parts of shapes [3,4], which are also used in the field of comfort cooling and small structural components with specific shapes. Heat treatment of these printed products could optimize and improve their properties [4,6,7,8,13]. The manufacturer recommends a prescribed temperature of 490 °C for 6 h during the curing process.



The experiment is based on a heat treatment (age hardening) of MS1 material samples, for 1–6 h at the increased hardening temperature equal to 590 °C. The main aim of the experiment is to evaluate the variation of hardness and microstructure within the MS1 material at the various durations of hardening process at a certain temperature. Concretely, at a 590 °C for 1, 2, 3, 4, 5 and 6 h. Additionally, final structure and hardness were evaluated after the cooling influence, as for the cooling in the still air, so for the cooling in the furnace. Heat treatment conditions for different material samples are summarized in Table 1.



For investigated experiment, maraging steel made by the DMLS production method, was chosen, marked by the manufacturing company as MS1. This powder material is optimized for the application in EOSINT company 3D printing systems.



A metal powder of this maraging steel with a particle diameter from 20 to 80 µm was used, which was bonded without the need of a binder, using a high-power laser beam [1,2,3,4,5,6,7,8].



EOS Maraging Steel MS1 powder material corresponds to the American classification: 18% Ni Maraging 300, EU standard norm 1.2709, and German norm classification X3NiCoMoTi 18-9-5 [37]. This material can be easily heat-treated, using the heat hardening process, which provides excellent hardness and strength [38]. The chemical composition of tested material [37,38,39] is shown in Table 2.



Components or semi-components printed in this way manufactured of maraging steel on the printer from EOS are easy to machine after the build process and can be very easy to improve after finishing operations such as hardening. In their research papers, various authors describe the improvement of properties by curing at 490 °C for 6 h [20,28,29], where they reached an almost twice as high strength and hardness value. For our experiment, we will use a higher temperature and a shorter dwell time on the component to achieve a similar effect. The mechanical properties reporting by manufacturer [38,39], are listed in Table 3 and Table 4.



2.1. Experiment Preparation


The samples were produced on additive manufacturing machine by the EOSINT company, with the designation EOSINT M280, intended for additive manufacturing of metal products. This 3D printer has 250 × 250 × 325 mm volume of chamber. This type employs the Yb fiber laser with a maximum 400 W beam power, up to 700 mms−1 scan speed, and 80 μm focus diameter. EOS Maraging Steel MS1 was used for the sample preparation. A shape and a size of the input powder material MS1 is plotted in Figure 4. A powder was observed using the scanning electron microscope SEM f. Tescan type Mira 3 and chemical composition was evaluated using the EDX analyser f. Oxford. A various size of spherically shaped particles can be observed. Experimental powders, evaluated using the spectral EDX analysis (Figure 4b), showed values corresponding to the values of the manufacturer, in a wider spectrum (Table 2).



EOSINT M280 AM system is able to print the component, based on the. stl file, straight from the CAD designs. For melting the powder, the laser power was adjusted to 200 W, the scanning speed to 650 mms−1 and the hatching distance to 80 µm. Layer thickness was set on 40 µm for the layering process, and throughout the PBF process, the whole printing system was shielded by argon (Ar) gas. Meander printing strategy, with 100% infill setting, was used. Dimensions of tested samples were (XxZxY) 10 × 10 × 30mm. Dimensions and a shape of the material during printing, are shown in Figure 5. The layering of the material, during the DMLS process, was in the direction of the Z axis.




2.2. Process of Thermal Treatment


Heat treatment by aging (age hardening) took place in the LAC device (Figure 6). The LAC device is an electric induction furnace with the possibility of setting temperature profiles. The chosen temperature profile was from a room temperature of 20 °C to a curing temperature of 590 °C in 30 min and maintaining at a temperature of 590 °C for the entire experiment for 6 h. The raising to the curing temperature was monitored using a FLIR T1030SC thermal camera (Figure 7).



Prepared samples of the investigated material were gradually hardened in an induction furnace with an initial run-up time of 30 min. to a temperature of 590 °C. After the duration of 1, 2, 3, 4, 5 and 6 h, were taken out on a concrete pad and cooled in the still air, at a room temperature of 20 °C. To compare the effect of cooling in the air and cooling in the furnace, samples prepared at 2 and 6 h were cooled differently. One was cooled in the turned off furnace and the other was removed and cooled in the still air.




2.3. Preparation of Samples for Microstructure Observation and Hardness Evaluation


Selected places for the evaluation of hardness and microstructure were chosen in the center of the sample, in the cross section of the x-z axis and the x-y axis, in order to observe the effect of heat treatment inside the material. The observed locations are marked in Figure 8. Material samples after heat treatment were split by abrasive water jet (AWJ) technology. AWJ technology is suitable for cutting of samples, because it does not thermally affect the material [40]. Samples for microstructure observation were prepared by grinding on the f. MTH Hrazdil device with the help of water cooling, sandpapers with grits of 180, 320, 500, 1200, 2000 and 4000. Then, samples were polished on a satin cloth with applied diamond polishing paste 0.1 µm.



The material samples were then observed with a Nikon MA100 light microscope and evaluated on Rockwell Insize ISH-RSR400 hardness testers. Cooling temperature was measured with thermal camera FlirT1030SC.





3. Results and Discussion


Measured cooling temperature dependences of MS1 material samples after heat treatment at a temperature of 590 °C, taken from the induction furnace after 1, 2, 3, 4 and 6 h, were cooled in the still air at a room temperature of 20 °C. Observation of the cooling process lasted approximately 20–30 min. Temperature was measured with thermal camera (Figure 9). Figure 10 shows the temperature dependence of the sample that was cooled in the furnace.



Tables below show Rockwell hardness measurements on samples with different lengths of used heat treatment process. Table 5 shows the hardness measurement at the center of the sample surface on each side. Table 6 shows the hardness measurement in the cross section of the sample. Sample 0.0 is shown for comparison, printed only, without heat treatment. The first sample number is the duration value, e.g., 1.0—length of maintaining at a temperature for 1 h.



Hardness values after different lengths of stay at the tested temperature of 590 °C in all cases compared to only printed samples showed a higher hardness. Even after 1 h of holding at the temperature, average hardness was 44 HRC and in the cut surface 51 HRC. The lower value for these samples was distorted by the measurement at the bottom of the sample, where can be assumed that the surface of the construction platform is still insufficiently sanded. This artifact appears in every sample where the hardness values are clearly lower. During the measurement in the cut surface, this phenomenon did not occur, as we performed the measurement about 1 mm below the surface. With a longer duration for 2, 3, 4, 5 and 6 h, the hardness values decreased slightly. In the experimental evaluation of cooling in the still air—marked samples 2.0 and 6.0 and in the furnace—samples marked 2.1 and 6.1, these showed a slight increase in hardness only on the surface. The center of the sample did not change or slightly decreased. Therefore, can be assumed that the most ideal time for increasing the hardening temperature from 490 °C to 590 °C is 1 h and free cooling in the air.



The following Figure 11 shows observed microstructures of samples before heat treatment in the x-z and x-y planes The microstructure in the y-z plane was similar to that in the x-z plane as these are cross-sectional planes. In the x-y plane, the trace after the laser melting of the particles is visibly larger compared to x-z and y-z. This is due to the longer trace of the laser beam movement. At both X-Z and X-Y planes, features characteristic for DMLS 3D printing technology were observed. In the evaluated planes, direction and shape of the laser layering, were observed. Additionally, individual layers during sintering of the material at the uniform distance of about 0.1 μm, equal to the laser displacement, can be observed.



Observed microstructures of the MS1 material after heat treatment (Figure 12, Figure 13 and Figure 14), showed similar layered formations typical of 3D printed samples. The microstructure of all heat-treated samples was uniform throughout the sample cross section. At a higher magnification of 1000x, a similar detail of the remelted particle with fine carbides can be seen again, with places of martensite lamellae. The microstructure at 1 and 2 h showed fine lamellae after the heat treatment, but not uniformly distributed, compared to the longer time of the heat process. At the 5 and 6 h interval, microstructures were quite similar and evenly distributed. In the 6 h interval of heat treatment, these lamellae are significantly softer, which is also indicated by the resulting hardness, which no longer increased rapidly. On the contrary, it was lower.




4. Conclusions


The article summarized the following claims:



Used heat treatment had an effect on pointing to a change in the length of stay at a temperature of 590 °C. The maintaining time proved to be the most ideal already at 1 h exposure and cooled in the still air, where a higher hardness value of around 50 HRC was reached. A longer maintaining time at 590 °C had the same or a slight decrease in hardness values. The manufacturer indicates a residence time for 6 h, at a temperature of 490 °C, where the values are around the level of 50 HRC. The microstructural evaluation was typical for the heat treatment, where fine carbides and martensitic lamellae were observed with a slight increase in hardness values in the microstructure. A more uniform and finer lamellar microstructure was shown with a longer interval of temperature exposure at 5 and 6 h intervals. This also indicates that the resulting hardness, which no longer increased rapidly, on the contrary, was somewhat lower, indicating a more relaxed state of the material after the hardening process.
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Figure 1. DMLS development and patent history since 1970. 
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Figure 2. Summarized development of DMLS history after 2004 [15]. 
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Figure 3. Principle of PBF and other similar technologies [36]. 
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Figure 4. A shape and a size of powder material MS1, evaluated using SEM Tescan Mira 3 (a), EDX analysis of powder, using f. Oxford analyzer (b). 






Figure 4. A shape and a size of powder material MS1, evaluated using SEM Tescan Mira 3 (a), EDX analysis of powder, using f. Oxford analyzer (b).



[image: Machines 11 00351 g004]







[image: Machines 11 00351 g005 550] 





Figure 5. Scheme of the principle of DMLS printing for structure creation. 
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Figure 6. Induction furnace LAC. 
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Figure 7. Verification of the raising temperature using a FLIR T1030SC thermal camera. 
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Figure 8. Section of material samples after temp. processing with a marked point of evaluation of hardness and microstructure. 






Figure 8. Section of material samples after temp. processing with a marked point of evaluation of hardness and microstructure.



[image: Machines 11 00351 g008]







[image: Machines 11 00351 g009 550] 





Figure 9. Temperature curve of cooling in the still air. 
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Figure 10. Temperature curve of cooling in the furnace. 
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Figure 11. Microstructure of sample without hardening process, only printed (sample 0.0), x-z plane (a), x-y plane (b), 100× magnification. 
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Figure 12. Microstructure of the sample 1 h stay at 590 °C (sample 1.0) 1000× magnification (a); sample with length 2 h stay at 590 °C (sample 2.0) 1000× magnification (b). 
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Figure 13. Microstructure of the sample 3 h stay at 590 °C (sample 3.0) 1000× magnification (a); sample with length 4 h stay at 590 °C (sample 4.0) 1000× magnification (b). 
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Figure 14. Microstructure of the sample 5 h stay at 590 °C (sample 5.0) 1000× magnification (a); sample with length 6 h stay at 590 °C (sample 6.0) 500× magnification (b). 
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Table 1. Conditions of experimental heat treatment process.
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Sample

	
Heat Treatment




	
Duration Time

(Hours)

	
Curing Temperature

(°C)

	
Cooling






	
1.0

	
1

	
590

	
in the still air




	
2.0

	
2

	
590

	
in the still air




	
2.1

	
2

	
590

	
in furnace




	
3.0

	
3

	
590

	
in the still air




	
4.0

	
4

	
590

	
in the still air




	
5.0

	
5

	
590

	
in the still air




	
6.0

	
6

	
590

	
in the still air




	
6.1

	
6

	
590

	
in furnace








– furnace temperature is raised to curing temperature in 30 min.
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Table 2. Chemical composition of investigated material.






Table 2. Chemical composition of investigated material.





	
Element *

	
Al

	
Ti

	
Mn, Si

	
Cr, Cu

	
Mo

	
Co

	
Ni






	
Mass (%)

	
0.05

	
0.6

	
up

	
up

	
4.5

	
8.5

	
17




	
–

	
–

	
to

	
to

	
–

	
–

	
–




	
0.15

	
0.8

	
0.1

	
0.5

	
5.2

	
9.5

	
19








* C is below 0.03 percent, P and S is below 0.01 percent, Fe makes up the rest.
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Table 3. Mechanical Properties as built (a) and printed and also hardened (b).






Table 3. Mechanical Properties as built (a) and printed and also hardened (b).





	
Density ρ, (g/cm3)

	

	
Tensile Strength (MPa)

	
Yield

Strength Rp0.2, (%)

	
Elongation at Break, %

	
Modulus of Elasticity,

(GPa)

	
Hardness

(HRC) *






	
direction

	

	
XY

	
XY

	
XY

	
XY

	
33–37




	
8.0–8.1

	
(a)

	
1000–1200

	
1950–1150

	
6–14

	
135–185




	
direction

	

	
Z

	
Z

	
Z

	
Z




	
8.0–8.1

	
(a)

	
1000–1200

	
1850–1150

	
-

	
130–170




	
(b)

	
1950–2150

	
1090–1290

	
2–6

	

	
50–56








* Hardness measured on polished surface.
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Table 4. Thermal Properties of Parts recommended by the manufacturer.
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As Built

	
Hardened *






	
Thermal conductivity

	
14.2–15.8 W/m °C

	
19–21 W/m °C




	
Specific heat capacity

	
430–470 J/kg °C




	
Operating temp.

	
max. 400 °C








* Hardened temperature at 490 °C/ 6 h, cooling on the air.
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Table 5. Rockwell hardness measurement values at the center of the sample surface.
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Sample

	
Measuring Side, Hardness Value

	
Average Hardness Value




	
x-y(Bottom)

	
x-y(Top)

	
y-z(Right Side)

	
y-z(Left Side)






	
0.0 *

	
36.7

	
36.7




	
1.0

	
29.6

	
50.4

	
47.8

	
47.9

	
43.9




	
2.0

	
27.1

	
48.1

	
36.7

	
45.2

	
39.3




	
2.1 **

	
35.1

	
45.9

	
37.9

	
48.8

	
41.9




	
3.0

	
40.5

	
37.9

	
42.4

	
41.1

	
40.5




	
4.0

	
25.1

	
37.3

	
46.4

	
45.7

	
38.6




	
5.0

	
32.5

	
46.3

	
37.5

	
47

	
40.8




	
6.0

	
37

	
51.3

	
42.7

	
45.8

	
44.2




	
6.1 **

	
21.9

	
42.7

	
49.8

	
46.8

	
40.3








*—only printed, without heat treatment. **—after cooling in furnace.
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Table 6. Rockwell hardness measurement values in the cross section of the sample.
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Sample

	
Measuring Side, Hardness Value

	
Average

Hardness Value

	
Measurement

in the Center




	
x-z

(Bottom)

	
x-z

(Top)

	
x-z

(Right Side)

	
x-z

(Left Side)






	
1.0

	
49.7

	
50.2

	
51

	
50.7

	
50.4

	
51




	
2.0

	
48.9

	
48.2

	
49.1

	
43.4

	
47.4

	
49.2




	
2.1 **

	
49.4

	
49.9

	
50.2

	
49.5

	
49.8

	
49.5




	
3.0

	
49.2

	
46.5

	
48.6

	
48.1

	
48.1

	
49.5




	
4.0

	
48

	
45.2

	
47.7

	
46.9

	
47

	
47.7




	
5.0

	
44.1

	
46

	
45.9

	
45.4

	
45.4

	
46.9




	
6.0

	
46.8

	
47.5

	
46.8

	
45.4

	
46.6

	
47.5




	
6.1 **

	
47

	
46.7

	
46

	
46

	
46.4

	
46.8








**—after cooling in furnace.
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