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Abstract:



AISI 4140 powder was directly deposited on AISI 4140 wrought substrate using laser engineered net shaping (LENS) to investigate the compatibility of a LENS-deposited part with the substrate. Tensile testing at room temperature was performed to evaluate the interface bond performance and fracture behavior of the test specimens. All the samples failed within the as-deposited zone, indicating that the interfacial bond is stronger than the interlayer bond inside the deposit. The fracture surfaces were analyzed using scanning electron microscopy (SEM) and energy disperse X-ray spectrometry (EDS). Results show that the tensile fracture failure of the as-deposited part is primarily affected by lack-of-fusion defects, carbide precipitation, and oxide particles inclusions, which causes premature failure of the deposit by deteriorating the mechanical properties and structural integrity.
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1. Introduction


AISI 4140 is one of the representative medium carbon and low alloy steels and widely used for manufacturing of many industrial components, such as gears, shafts, and rotors, due to its good hardenability, strength, toughness, and wear resistance [1,2,3,4]. However, when the components made of this alloy steel are exposed to harsh operating conditions, such as surface rolling and sliding contact, during their service life, they are susceptible to serious surface damage, such as micropitting, abrasive wear, and corrosion, which could accelerate premature failure and shorten the life cycle of these critical and expensive components [5,6]. Thus, it is essential to restore the worn-out or damaged components so as to lengthen their service life [7].



Traditionally, once the failure occurs, the damaged component is discarded and replaced, resulting in excessive material waste and loss of high value-added components [8,9]. Taking into consideration high costs and long lead time for manufacturing of a new component, effective surface repair technology is highly required [10]. Moreover, there also exists an increased industrial demand for all the components with higher performance and durability [11]. Therefore, it is imperative to repair and reconstruct the worn and damaged components in order to extend the life span and minimize waste of expensive materials, economic losses, downtime, and embodied energy, thereby increasing the industrial competitiveness [12,13].



To prevent these surface failures from the external working environments, surface treatment processes, such as carburizing [11], boriding [14], nitriding [15], thermal spraying [16], and high-velocity oxygen fuel (HVOF) [17], have been commonly applied in practice to improve the surface integrity and properties, such as surface hardness, wear, and oxidation resistance. However, these conventional processes are not generally appropriate for repair or coating due to the difficulty of thickness control, high thermal stress, large heat-affected zone (HAZ), and weak bonding strength [18].



Recently, additive manufacturing (AM) technologies are increasingly used through different approaches, such as selective laser melting (SLM), electron beam melting (EBM), and laser engineered net shaping (LENS), to fabricate various solid and complex metallic materials, such as steels, bronze, and titanium [19,20,21,22,23]. LENS, also known as direct laser deposition, is a laser-based additive manufacturing process that uses a high power laser as a heat source to create a melt pool on the surface of a solid substrate and melt powders through powder feeding nozzles to build a near net shaping without serious post-processing. LENS has been extending its application to the surface treatment area and has received a great deal of attention as a promising technique to improve surface properties, such as wear and corrosion resistance. The surface is considered as the most important part of engineered components since it is exposed to wear and corrosion environments [24]. It can also offer protective coatings and repairing for the critical surfaces of industrial components due to its additive nature with minimum post process finishing. These coatings have shown excellent metallurgical bonding qualities with a smaller HAZ and also the interface bond between the coating and substrate is much stronger compared to conventional surface treatment processes [25]. Thus, the parts coated or repaired by LENS not only prolong the lifetime of the components subjected to severe working conditions, but also reduce costs and downtime.



Interface bonding between the laser-repaired part and the original base substrate plays a vital role in determining the overall performance of the final component since weak interfacial adhesion will bring about fatal failure caused by detachment of the coating from the base or cracking along the interface [10]. Only when the interface is durable, the repaired part will be functional [26]. Therefore, it is crucial to join two materials with a good interface bond to ensure integrity and reliability of the whole part.



To date, some studies of AISI 4140 alloy steel processed by LENS have been conducted to investigate its microstructure and mechanical properties [27,28]. However, only a limited number of investigations on LENS-based direct joining between metallic powder and corresponding wrought substrate have been carried out so far and, additionally, they were primarily limited to nickel-based Inconel 718 [29,30]. To the best of our knowledge, no investigation on LENS-deposited AISI 4140 powder on the corresponding substrate has been reported in the literature. Particularly, there is a lack of knowledge on the interface bonding and fracture behavior of a hybrid part which is composed of half-additive part and half-subtractive substrate. Most of surface treatment research have mainly concentrated on wear and hardness properties owing to a thin deposition layer. When an area to be repaired is wider and deeper, thick multilayered deposition is indispensable.



Therefore, this study aims to investigate the compatibility of LENS-deposited AISI 4140 powder with its wrought counterpart by focusing on the interface bonding and fracture behavior of the hybrid fabricated specimens. To do so, a tensile test is performed to examine the interface bond and fracture behavior of the specimens. To reveal the fracture failure mechanism, the fracture surface is characterized by scanning electron microscopy (SEM) with energy disperse spectrometry (EDS).




2. Materials and Methods


AISI 4140 steel (McMaster-Carr Co., Elmhurst, IL, USA) round bar 9 mm in diameter and 30 mm length was used as a substrate, and its typical chemical composition (wt %) is C 0.38–0.44, Si 0.20–0.35, Mn 0.75–1.0, Cr 0.8–1.1, Mo 0.15–0.25, S ≤ 0.04, P ≤ 0.035, and Fe as the balance. The substrate surface was first machined and ground on abrasive silicon carbide papers to eliminate oxidized layers and then degreased with acetone before LENS deposition. Commercially-available prealloyed gas-atomized (GA) AISI 4140 powder was utilized in as-received condition with the particle size range of 44−105 µm, and its nominal composition (wt %) is C 0.44, Si 0.21, Mn 0.90, Cr 1.0, Mo 0.21, S ≤ 0.02, P ≤ 0.01, and Fe as the balance.



The fabrication process was undertaken using a LENSTM 450 machine (Optomec Inc., Albuquerque, NM, USA) that consists of a 400 W IPG fiber laser system, a pneumatic powder feeder system, and a computer-controlled motion system. The powder is delivered by argon carrier gas from the powder hoppers and injected on a substrate by four jet deposition nozzles. The powder flow rate is adjusted with revolutions per minute (rpm) and controlled by the powder feeder system equipped with rotational motors. Highly-focused laser power is used to melt powder particles and create a molten pool, and the motion control table is moved according to preset travel paths to fabricate an object in a layer by layer style. Figure 1 illustrates a schematic diagram of the LENSTM system employed in the experiment.


Figure 1. Illustration of the LENSTM system employed in the experiment.
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A series of preliminary investigations were conducted prior to fabricating the final specimen to obtain a stable geometrical shape and good adhesion to the substrate. The following process parameters were selected: laser power, 380 W; powder feed rate, 2 rpm; travel velocity, 8.47 mm/s; hatch angle, 60°; hatch spacing, 0.76 mm; carrier gas flow rate, 6 L/min; and layer thickness, 0.43 mm. A cylindrical pillar from AISI 4140 powder with the same dimensions as the substrate was directly deposited on top of the substrate surface (Figure 2a). The density of the LENS-processed samples was measured using Archimedes’ principle. The average relative density of the samples was 94.8 ± 3.5%. The fabricated part was machined to the final test specimen dimensions (Figure 2b). A total of three specimens were fabricated under the same conditions with the same size, and tensile tests at room temperature were conducted with 4 mm diameter and 16 mm gauge length specimens using an Instron MTS universal testing machine (Instron Corp., Norwood, MA, USA). Fractography was performed using Zeiss Crossbeam 540 SEM (Carl Zeiss AG, Oberkochen, Germany) workstation equipped with EDS to analyze fracture surfaces and to quantitatively detect elemental composition and identify phase formation.


Figure 2. (a) Cylinder-shaped pillar after LENS deposition and (b) the dimensions of the hybrid test specimen after machining.
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3. Results and Discussion


3.1. Interface Bond and Tensile Fracture Behavior


Particular attention was paid to interface bonding between the LENS-deposit and the substrate counterpart since a good interface bond is a prerequisite for compatibility of the as-deposited metal with the substrate and structural integrity of the whole part [10]. Another matter of concern is that mechanical properties of this hybrid structure are required to be similar to those of the original base material [31]. Hence, its interfacial bond and fracture behaviors were evaluated by means of a tensile test.



Figure 3 shows each fractured specimen after the room-temperature tensile test and a corresponding stress-strain curve. The substrate accounts for the left side of the specimen, and the as-deposited AISI 4140 occupies the right side of it. As seen in Figure 3a, all the specimens fractured at the as-deposited region. No indication of fracture failure was observed at the substrate and the interface, which implies that the substrate and the interface is stronger than the as-deposited part in the hybrid specimen. Therefore, it can be deduced that the strength of the interface bond between the as-deposited part and the substrate is higher than that of the interlayer bond within the as-deposited section.


Figure 3. (a) Hybrid specimens that fractured at as-deposited zone indicated by dotted circles after tensile testing and (b) the corresponding stress-strain curves.
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The tensile properties of the hybrid specimens were compared with those of AISI 4140 wrought in terms of ultimate tensile strength (UTS), yield stress (YS), and plastic elongation in Table 1. It can be said that the tensile properties of the samples represent those of the as-deposited AISI 4140 because all the fractures took place at the deposited zone. The average UTS, YS, and elongation values of the hybrid samples (360, 237 MPa, and 2.3%, respectively) were lower than those of the wrought counterpart (720, 655 MPa, and 4%, respectively).



Table 1. Tensile properties comparison between hybrid samples and the wrought counterpart.







	
Material

	
UTS (MPa)

	
YS (MPa)

	
Elongation (%)






	
Hybrid samples in this paper *

	
360 ± 170

	
235 ± 75

	
2.3 ± 1.5




	
AISI 4140 wrought [32]

	
720

	
655

	
4








* Tensile fractures occurred in the as-deposited AISI 4140 zone.








As observed in Figure 3b, the tensile behaviors were highly varied among the specimens, which is attributed to the metallurgical defects, such as partially-melted powder and lack-of-bonding porosity [33,34]. No prominent necking behavior was presented from the fractured AISI 4140 parts (Figure 3a). Furthermore, the cross-sectional morphology of the fractured specimens indicated flat and smooth surfaces, indicating a brittle fracture mode.




3.2. Fracture Surface and Failure Mechanism


From the results of the tensile test, all the samples fractured within the laser-deposited AISI 4140 region instead of the interface or the substrate, indicating that the interlayer bonding is weaker than the interface bonding since tensile fracture normally takes place at the weakest location of the specimen. To investigate the major causes that make the as-deposited part weak, the fracture surfaces were examined by SEM and EDS.



3.2.1. Fracture Morphology and Defects


In Figure 4, the overall fracture surface of specimen #3 with the intermediate tensile properties (Figure 3b) predominantly presented a smooth brittle fracture mode. During the tensile test, the brittle fracture occurred suddenly with little plastic deformation. Additionally, the fracture angle between the applied tensile loading axis and the fracture surface was nearly perpendicular and exhibited a relatively flat fracture surface, indicating that the crack propagates parallel to the macroscale plane of the maximum normal stress by continuously breaking the atomic bonds along specific cleavage planes [35].


Figure 4. Overall fracture morphology of specimen #3 with insufficiently melted powder particles and porosity.
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A cluster of spherical particles was largely distributed on the fracture surface as marked in Figure 4, which was regarded as partially melted powder during LENS process. As a result, voids were formed between the unmelted or partially-melted powder particles due to excessively blown powder into the molten pool [29], misalignment of the deposition head [36,37], or insufficient energy density [38,39].



Moreover, relatively larger and irregular pores were clearly seen throughout the fracture surface owing to a localized lack of fusion during deposition, which resulted in the existence of gaps between deposited tracks as indicated by arrows in Figure 4. This is most likely attributable to locally insufficient energy density absorbed by the powder particles since porosity has an inverse relationship with absorbed energy per unit length of a deposited track [36,40].



The main downside of direct laser deposition processes are process-induced defects, such as unmelted particles and lack-of-fusion porosity. It is known that they can significantly reduce the mechanical properties such as elastic modulus, ductility, microhardness, and bonding strength of the laser-deposited part by leading to a drop in stress-strain tensile curves, early deviation from the linear elastic response at low tensile stress loading, as well as premature fracture failure [34,41,42,43] due to reduced density and weakened interlayer bond strength of the as-built part [44,45]. Therefore, the tensile test result showed highly-deviated tensile behaviors between the test specimens, as seen in Figure 3b, and the tensile properties of the as-deposited part were remarkably lower than those of the wrought AISI 4140 (Table 1).



From the high-magnification views on the fracture surface, more details of fracture morphology and defects were revealed, as seen in Figure 5a–c. The brittle cleavage was predominant with a very small amount of a localized dimpled zone, which shows a quasi-cleavage fracture mode (Figure 5a). The locally-dimpled microvoids that coalescence represent a ductile fracture, whereas the tearing cleavage deformation indicates a brittle fracture, which is commonly found in steels as observed in other studies [46,47,48,49,50]. The microscopic mechanism of the cleavage fracture is specified as follows: (i) crack nucleation at cementite particle; (ii) propagation of the microcrack nucleus across the particle/matrix interface along a cleavage plane of the neighboring grain; and (iii) propagation of the grain-sized crack to neighboring grains across the grain boundaries leading to final failure [35,51,52]. The cleavage-type morphology mostly appeared to be smooth and flat, suggesting a lack of bonding between adjoining layers or tracks.


Figure 5. (a–c) High magnification views of the fracture surface after tensile testing showing a transgranular quasi-cleavage fracture mode.
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Spherical-shaped micro-pores were also identified in the dimpled rupture zone as indicated by arrows in Figure 5a, which was on account of the entrapped gas inside the gas-atomized (GA) hollow powders [30,36,37,53,54]. The trapped gas inside the powders could not come out of the melt pool because of the fast cooling nature caused by the LENS process, which ended up forming the micropores in the as-deposited part. Furthermore, spherical oxide inclusions were observed in the dimple fracture area as indicated by circles in Figure 5a. The details on chemical element analysis using EDS for the inclusions will be discussed in Section 3.2.3.



Figure 5b,c also represent the typical transgranular crack morphology with the river patterns which indicate the direction of localized crack propagation [45,55,56]. It was observed that the presence of this transgranular cleavage fracture mechanism in steel is related to iron carbides (cementite) [57,58]. During the deposition process, the first layer undergoes rapid cooling (quenching) due to steep temperature gradients close to the interface on top of the substrate resulting in a very fine martensite structure with some retained austenite. However, the first layer experiences phase transformation subject to reheating (tempering) phenomenon caused by subsequent layers [59]. It is known that the transgranular quasi-cleavage fracture mode is associated with the tempered martensite embrittlement (TME) mechanism, which occurs at the tempering temperature, ranging from 200 to 380 °C, in low/medium carbon and alloy steels due to the transformation of retained austenite at lath martensite boundaries [60,61]. This interlath austenite transforms to coarse cementite crystals, and cementite nucleates on the martensite boundaries, which induces large lattice distortions and a high density of dislocations that can act as crack nucleation sites and, therefore, reduces impact toughness and ductility [62,63].




3.2.2. Phase Formation


EDS spot analyses were further performed on the transgranular cleavage areas, as shown in Figure 6a–c, to confirm iron carbide phase formation quantitatively as discussed in the previous section. As seen in Table 2, the wt % of C was evidently higher in the transgranular cleavage areas than the nominal composition of AISI 4140, which was confirmed as a cementite phase. Other researchers also found a similar C composition (5.72 in wt % or 22.16 in at %) and identified as cementite in similar alloy steels [64]. Darwish et al. [58] observed that cementite contained a high concentration of carbon peak values ranging from 10 to 24 at % in quasi-cleavage fracture of alloy steels. The current study also confirmed in Table 3 that C concentration ranged from 16 to 21 at %, indicating a high enrichment of carbon and carbide formation in the corresponding areas marked in Figure 6.


Figure 6. (a–c) SEM micrographs of the fracture surface (transgranular cleavage areas) for the EDS spot analyses.
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Table 2. Distribution of elemental composition in the corresponding areas indicated in Figure 6a–c (in wt %).







	
Spot

	
C

	
Si

	
Mn

	
S

	
P

	
Cr

	
Mo

	
Fe

	
Total






	
1

	
5.30

	
0.31

	
1.12

	
0.00

	
0.00

	
1.32

	
0.31

	
91.65

	
100.00




	
3

	
5.30

	
0.10

	
0.21

	
0.00

	
0.00

	
0.42

	
0.42

	
93.56

	
100.00




	
5

	
5.06

	
0.10

	
0.62

	
0.10

	
0.00

	
1.24

	
0.00

	
92.88

	
100.00




	
9

	
4.06

	
0.10

	
0.71

	
0.00

	
0.00

	
1.12

	
0.00

	
94.02

	
100.00




	
Nominal

	
0.44

	
0.35

	
1.00

	
0.04

	
0.03

	
1.10

	
0.25

	
96.78

	
100.00










Table 3. Distribution of elemental composition in the corresponding areas indicated in Figure 6a–c (in at %).







	
Spot

	
C

	
Si

	
Mn

	
S

	
P

	
Cr

	
Mo

	
Fe

	
Total






	
1

	
20.55

	
0.40

	
1.01

	
0.00

	
0.00

	
1.21

	
0.20

	
76.62

	
100.00




	
3

	
20.78

	
0.11

	
0.21

	
0.00

	
0.00

	
0.32

	
0.21

	
78.37

	
100.00




	
5

	
19.89

	
0.21

	
0.53

	
0.11

	
0.00

	
1.06

	
0.00

	
78.20

	
100.00




	
9

	
16.28

	
0.20

	
0.61

	
0.00

	
0.00

	
1.01

	
0.00

	
81.90

	
100.00










It was reported that the precipitation of carbide was mainly attributed to the tempering effect caused by the repeated thermal cycles inherent in the laser additive process [2], which facilities diffusion of carbon atoms and the formation of carbide in the laser-deposited part [64].



Owing to greater thermal gradients close to the interface, the lower area was restrained from precipitation and phase transformation in comparison with the intermediate and higher areas since the heat from the melt pool in the first layer on top of the substrate surface was dissipated by the substrate as a heat sink. Thus, the martensite phase is predominant near the interface as a result of the non-equilibrium phase transformation from austenite to martensite due to the rapid cooling rate. This diffusionless transformation of austenite arises only when the cooling rate is high enough to avoid diffusion of carbon atoms [28,45,65]. However, the cooling rate becomes lower as the number of newly-added layers increases and the heat inside the part is continuously accumulated, which subsequently causes the tempered martensite on the preceding layers [2,28,47]. This repeated tempering effect transforms the martensite into ferrite and precipitated carbide within the tempering temperature range above 400 °C [2,28,45,47,66]. It was observed that the precipitation of fine spheroidal cementite was dispersed along the grain boundaries of the tempered martensite matrix [45].



From the EDS composition analyses, a highly-enriched carbon content was detected on the fracture surface, indicating that the carbide precipitation was the main reason behind the brittle fracture mode [58]. Thus, the quasi-cleavage fracture and transgranular cracking are attributed to carbide precipitation in highly carbon enriched regions.




3.2.3. Oxide Formation


Figure 7 shows EDS element mapping on the entire fracture surface, illustrating that Fe was the primary elemental constituent since it accounted for more than 96% of AISI 4140 (please refer to Table 2). However, it was observed that evident presence of O was largely distributed throughout the fracture surface along with Si, Mn, and Cr. It was considered that oxide inclusions were formed during the deposition process. To detect the elemental composition of the inclusions identified on the fracture surface, EDS spot analyses were conducted on the selected areas as shown in Figure 8 and Figure 9, respectively. As mentioned in Section 3.2.1, spherical oxide inclusions were observed in the dimple fracture area, as indicated by circles in Figure 8a. Figure 8b shows EDS spot spectrum detected on the inclusion marked by an arrow in Figure 8a, indicating that the highest peak of O, followed by Si, Mn, and Cr. The quantitative chemical composition on this inclusion was also obtained in Table 4 (in wt %) and Table 5 (in at %), which gives further evidence of higher O, Si, Mn, and Cr concentrations compared to the nominal compositions.


Figure 7. EDS element mapping on the fracture surface of specimen #3 from Figure 4.
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Figure 8. (a) SEM micrograph showing oxide inclusions marked by circles; and (b) the EDS spot spectrum of the inclusion marked by an arrow from (a).
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Figure 9. SEM micrographs showing oxide inclusions (a) overall fracture surface; (b) high magnification of a selected area from (a) marked by a dashed box showing oxide inclusions; and (c–e) EDS spot spectra detected on the corresponding spots marked by circles in (b).
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Table 4. Elemental composition distribution of the oxide particles from EDS analyses on the corresponding spots marked in Figure 8b and Figure 9b (wt %).







	
Spot

	
O

	
C

	
Si

	
Mn

	
S

	
P

	
Cr

	
Mo

	
Fe

	
Total






	
4

	
28.50

	
5.07

	
7.51

	
22.92

	
0.20

	
0.00

	
19.68

	
0.00

	
16.13

	
100.00




	
13

	
28.10

	
2.56

	
7.79

	
26.46

	
0.00

	
0.00

	
14.97

	
0.00

	
20.10

	
100.00




	
14

	
31.96

	
4.13

	
5.75

	
18.15

	
0.10

	
0.00

	
21.07

	
0.00

	
18.85

	
100.00




	
15

	
8.90

	
1.82

	
1.11

	
20.02

	
0.00

	
0.00

	
45.50

	
0.00

	
22.65

	
100.00




	
Nominal

	
-

	
0.44

	
0.35

	
1.00

	
0.04

	
0.03

	
1.10

	
0.25

	
96.78

	
100.00










Table 5. Elemental composition distribution of the oxide particles from EDS analyses on the corresponding spots marked in Figure 8b and Figure 9b (at %).







	
Spot

	
O

	
C

	
Si

	
Mn

	
S

	
P

	
Cr

	
Mo

	
Fe

	
Total






	
4

	
50.10

	
11.82

	
7.58

	
11.72

	
0.10

	
0.00

	
10.61

	
0.00

	
8.08

	
100.00




	
13

	
52.10

	
6.29

	
8.18

	
14.26

	
0.00

	
0.00

	
8.49

	
0.00

	
10.69

	
100.00




	
14

	
55.23

	
9.46

	
5.63

	
9.15

	
0.00

	
0.00

	
11.17

	
0.00

	
9.36

	
100.00




	
15

	
23.26

	
6.47

	
1.62

	
15.17

	
0.00

	
0.00

	
36.60

	
0.00

	
16.89

	
100.00










Figure 9b shows the high magnification of another selected area marked by a dashed box from the entire fracture surface in Figure 9a. Spherical oxide inclusions whose morphology was similar to that of the oxide from Figure 8a were also observed as marked by circles. Figure 9c–e show EDS spot spectra detected on the inclusions marked by arrows in Figure 9b, indicating that the highest peak of O, followed by Si, Mn, and Cr. The quantitative chemical composition on this inclusion was also obtained in Tables 4 (in wt %) and 5 (in at %), which gives further evidence of the higher concentration of O, Si, Mn, and Cr contents compared to the nominal compositions.



Therefore, EDS element mapping, spot spectra, and quantitative elemental composition data all together substantiated that these oxide particles were primarily comprised of O, Si, Mn, and Cr, which implies that the oxide inclusions consist of SiO2, MnO, and Cr2O3 as a consequence of the chemical reactions with oxygen molecules [67]. Other researchers also reported the presence of the oxide inclusions containing SiO2 and MnO in different alloy steels [34,68,69,70].



There were difficulties determining stoichiometric compositions for the oxides from Table 5 since the results of the X-ray spectra were inevitably influenced by other phases in the matrix beneath the oxides at the same time with the increase of the excited volume induced by a high acceleration voltage. However, formation of the oxides can be understood using thermodynamic data. From Table 5, the highly-concentrated elements of the inclusions are Si, Mn, and Cr. According to the Ellingham diagram [71,72], these elements have a strong tendency to become oxidized by forming SiO2, MnO, and Cr2O3, respectively. Based on the thermodynamic data of Gibbs free energy, the oxides at the melting point of AISI 4140 (1416 °C) are formed in the following order: SiO2 > MnO > Cr2O3. In other words, the Gibbs free energy of SiO2 is the lowest and most stable and, thus, the oxidation of Si produces SiO2 rapidly, followed by the oxidation of Mn and Cr (i.e., MnO and Cr2O3, respectively). From a thermodynamic perspective, SiO2 is the most plausible oxide to be formed in AISI 4140, followed by MnO and Cr2O3. Hence, it can be inferred that the detected oxide particles would be considered SiO2, MnO, and Cr2O3 with evidence of the EDS data.



The existence of the oxides in the fracture surface can be described by different thermophysical properties between the oxides and AISI 4140. The melting point of AISI 4140 is 1416 °C, and that of the oxides, such as SiO2, MnO, and Cr2O3 are 1600, 1945, and 2435 °C, respectively, which made the oxides difficult to dissolve during the process. As a result, the oxides remained and are trapped in succeeding layers. Moreover, the densities of SiO2, MnO, and Cr2O3 (2.65, 5.43, and 5.22 g/cm3, respectively) are lighter than that of AISI 4140 (7.85 g/cm3). Consequently, due to the difference in density, the oxides would float in the molten pool, which could decrease the interlayer bonding strength [45,70].



During the high-temperature deposition process, oxygen is diffused into grain boundaries, micropores, and microvoids inside the deposited part in which it reacts to form oxides, which is called thermally-grown oxide [67]. Irrespective of the type of oxides, compressive stress is established in this thermally-grown oxide because of the diffusion. This leads to plastic deformation inside the oxide and along the interface between the oxide and the matrix in an effort to release the stress, which incurs intergranular voids attributable to the grain boundary sliding [45,73], resulting in the crack initiation and propagation at areas of stress concentration [73,74,75].



As seen on the fracture surfaces, the oxide particle inclusions degrade interlayer bonding strength. The interfaces between the oxide particles and the matrix exhibited a lack of bonding by forming voids and cracks along the interface, which could facilitate the premature fracture failure at the low stress loading and eventually have an adverse effect on the mechanical behaviors of the as-built part. Since the oxides can be regarded as crack initiators, it is necessary to minimize their inclusions in the as-fabricated part. Therefore, further study is needed to lessen the damaging effects and enhance interlayer bonding during the LENS process of AISI 4140.






4. Conclusions


In this study, AISI 4140 powder was deposited on AISI 4140 substrates using LENS to investigate the compatibility of LENS-deposited AISI 4140 on the corresponding wrought material by focusing on interface bond and fracture behavior of the hybrid specimens. The major findings that were obtained are:

	(1)

	
The interface between the as-deposited part and the corresponding substrate counterpart exhibits good metallurgical bonding.




	(2)

	
Through the tensile tests, all the specimens fractured within the laser-deposited region instead of the interface or the substrate, indicating that the interlayer bonding is weaker than the interface bonding.




	(3)

	
From the fractography analysis, the main causes of the fracture failure in the as-deposited part are lack-of-fusion defects, carbide precipitation, and oxide particles inclusions.




	(4)

	
The fracture failure mechanism is associated with all these factors, which deteriorates the mechanical properties and structural integrity, and causes premature failure of critical components during service.













Author Contributions


H.K. conceived and designed the experiments; H.K. and Z.L. performed the experiments; H.K. analyzed the data and wrote the paper; and W.C. and H.-C.Z. contributed reagents/materials/analysis tools.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Wang, L.; Qian, D.; Guo, J.; Pan, Y. Austenite grain growth behavior of aisi 4140 alloy steel. Adv. Mech. Eng. 2015, 5, 762890. [Google Scholar] [CrossRef]

	2. 
Chunping, H.; Xin, L.; Fencheng, L.; Jun, C.; Fenggang, L.; Weidong, H. Effects of cooling condition on microstructure and mechanical properties in laser rapid forming of 34crnimo6 thin-wall component. Int. J. Adv. Manuf. Technol. 2016, 82, 1269–1279. [Google Scholar] [CrossRef]

	3. 
Terres, M.A.; Laalai, N.; Sidhom, H. Effect of nitriding and shot-peening on the fatigue behavior of 42crmo4 steel: Experimental analysis and predictive approach. Mater. Des. 2012, 35, 741–748. [Google Scholar] [CrossRef]

	4. 
Koehler, H.; Partes, K.; Seefeld, T.; Vollertsen, F. Influence of laser reconditioning on fatigue properties of crankshafts. Phys. Procedia 2011, 12, 512–518. [Google Scholar] [CrossRef]

	5. 
Al-Tubi, I.S.; Long, H.; Zhang, J.; Shaw, B. Experimental and analytical study of gear micropitting initiation and propagation under varying loading conditions. Wear 2015, 328–329, 8–16. [Google Scholar] [CrossRef]

	6. 
Greco, A.; Mistry, K.; Sista, V.; Eryilmaz, O.; Erdemir, A. Friction and wear behaviour of boron based surface treatment and nano-particle lubricant additives for wind turbine gearbox applications. Wear 2011, 271, 1754–1760. [Google Scholar] [CrossRef]

	7. 
Chen, Y.; Zhang, K.; Huang, J.; Hosseini, S.R.E.; Li, Z. Characterization of heat affected zone liquation cracking in laser additive manufacturing of inconel 718. Mater. Des. 2016, 90, 586–594. [Google Scholar] [CrossRef]

	8. 
Kandukuri, S.T.; Klausen, A.; Karimi, H.R.; Robbersmyr, K.G. A review of diagnostics and prognostics of low-speed machinery towards wind turbine farm-level health management. Renew. Sustain. Energy Rev. 2016, 53, 697–708. [Google Scholar] [CrossRef]

	9. 
Sarker, B.R.; Faiz, T.I. Minimizing maintenance cost for offshore wind turbines following multi-level opportunistic preventive strategy. Renew. Energy 2016, 85, 104–113. [Google Scholar] [CrossRef]

	10. 
Xiong, Y.; Zhuang, W.; Zhang, M. Effect of the thickness of cold sprayed aluminium alloy coating on the adhesive bond strength with an aluminium alloy substrate. Surf. Coat. Technol. 2015, 270, 259–265. [Google Scholar] [CrossRef]

	11. 
Arias-González, F.; del Val, J.; Comesaña, R.; Penide, J.; Lusquiños, F.; Quintero, F.; Riveiro, A.; Boutinguiza, M.; Pou, J. Fiber laser cladding of nickel-based alloy on cast iron. Appl. Surf. Sci. 2015, 374, 197–205. [Google Scholar] [CrossRef]

	12. 
Kaiming, W.; Yulong, L.; Hanguang, F.; Yongping, L.; Zhenqing, S.; Pengfei, M. A study of laser cladding nicrbsi/mo composite coatings. Surf. Eng. 2016, 1–8. [Google Scholar] [CrossRef]

	13. 
Kattire, P.; Paul, S.; Singh, R.; Yan, W. Experimental characterization of laser cladding of cpm 9v on h13 tool steel for die repair applications. J. Manuf. Process. 2015, 20, 492–499. [Google Scholar] [CrossRef]

	14. 
Sen, S.; Sen, U.; Bindal, C. The growth kinetics of borides formed on boronized aisi 4140 steel. Vacuum 2005, 77, 195–202. [Google Scholar] [CrossRef]

	15. 
Limodin, N.; Verreman, Y. Fatigue strength improvement of a 4140 steel by gas nitriding: Influence of notch severity. Mater. Sci. Eng. A 2006, 435–436, 460–467. [Google Scholar] [CrossRef]

	16. 
Serres, N.; Hlawka, F.; Costil, S.; Langlade, C.; Machi, F.; Cornet, A. Dry coatings and ecodesign. Surf. Coat. Technol. 2009, 204, 197–204. [Google Scholar] [CrossRef]

	17. 
Bolelli, G.; Lusvarghi, L.; Barletta, M. Heat treatment effects on the corrosion resistance of some vof-sprayed metal alloy coatings. Surf. Coat. Technol. 2008, 202, 4839–4847. [Google Scholar] [CrossRef]

	18. 
Abioye, T.E.; McCartney, D.G.; Clare, A.T. Laser cladding of inconel 625 wire for corrosion protection. J. Mater. Process. Technol. 2015, 217, 232–240. [Google Scholar] [CrossRef]

	19. 
Attar, H.; Ehtemam-Haghighi, S.; Kent, D.; Wu, X.; Dargusch, M.S. Comparative study of commercially pure titanium produced by laser engineered net shaping, selective laser melting and casting processes. Mater. Sci. Eng. A 2017, 705, 385–393. [Google Scholar] [CrossRef]

	20. 
Attar, H.; Ehtemam-Haghighi, S.; Kent, D.; Okulov, I.V.; Wendrock, H.; Bӧnisch, M.; Volegov, A.S.; Calin, M.; Eckert, J.; Dargusch, M.S. Nanoindentation and wear properties of ti and ti-tib composite materials produced by selective laser melting. Mater. Sci. Eng. A 2017, 688, 20–26. [Google Scholar] [CrossRef]

	21. 
Attar, H.; Bönisch, M.; Calin, M.; Zhang, L.C.; Scudino, S.; Eckert, J. Selective laser melting of in situ titanium-titanium boride composites: Processing, microstructure and mechanical properties. Acta Mater. 2014, 76, 13–22. [Google Scholar] [CrossRef]

	22. 
Attar, H.; Löber, L.; Funk, A.; Calin, M.; Zhang, L.C.; Prashanth, K.G.; Scudino, S.; Zhang, Y.S.; Eckert, J. Mechanical behavior of porous commercially pure Ti and Ti-TiB composite materials manufactured by selective laser melting. Mater. Sci. Eng. A 2015, 625, 350–356. [Google Scholar] [CrossRef]

	23. 
Scudino, S.; Unterdörfer, C.; Prashanth, K.G.; Attar, H.; Ellendt, N.; Uhlenwinkel, V.; Eckert, J. Additive manufacturing of Cu-10sn bronze. Mater. Lett. 2015, 156, 202–204. [Google Scholar] [CrossRef]

	24. 
Němeček, S.; Fidler, L.; Fišerová, P. Corrosion resistance of laser clads of inconel 625 and metco 41c. Phys. Procedia 2014, 56, 294–300. [Google Scholar] [CrossRef]

	25. 
Gu, D.D.; Meiners, W.; Wissenbach, K.; Poprawe, R. Laser additive manufacturing of metallic components: Materials, processes and mechanisms. Int. Mater. Rev. 2012, 57, 133–164. [Google Scholar] [CrossRef]

	26. 
Wang, Q.; Spencer, K.; Birbilis, N.; Zhang, M.-X. The influence of ceramic particles on bond strength of cold spray composite coatings on az91 alloy substrate. Surf. Coat. Technol. 2010, 205, 50–56. [Google Scholar] [CrossRef]

	27. 
El Kadiri, H.; Wang, L.; Horstemeyer, M.F.; Yassar, R.S.; Berry, J.T.; Felicelli, S.; Wang, P.T. Phase transformations in low-alloy steel laser deposits. Mater. Sci. Eng. A 2008, 494, 10–20. [Google Scholar] [CrossRef]

	28. 
Foroozmehr, E.; Kovacevic, R. Thermokinetic modeling of phase transformation in the laser powder deposition process. Metall. Mater. Trans. A 2009, 40, 1935–1943. [Google Scholar] [CrossRef]

	29. 
Blackwell, P.L. The mechanical and microstructural characteristics of laser-deposited IN718. J. Mater. Process. Technol. 2005, 170, 240–246. [Google Scholar] [CrossRef]

	30. 
Qi, H.; Azer, M.; Ritter, A. Studies of standard heat treatment effects on microstructure and mechanical properties of laser net shape manufactured inconel 718. Metall. Mater. Trans. A 2009, 40, 2410–2422. [Google Scholar] [CrossRef]

	31. 
Wang, Y.; Tang, H.; Fang, Y.; Wang, H. Microstructure and mechanical properties of hybrid fabricated 1Cr12Ni2WMoVNb steel by laser melting deposition. Chin. J. Aeronaut. 2013, 26, 481–486. [Google Scholar] [CrossRef]

	32. 
42crmo4/1.7225 Alloy Special Steel—Equivalent, Chemical Composition, Properties. Available online: http://www.steelnumber.com/en/steel_composition_eu.php?name_id=335 (accessed on 4 December 2016).

	33. 
Zhang, K.; Liu, W.; Shang, X. Research on the processing experiments of laser metal deposition shaping. Opt. Laser Technol. 2007, 39, 549–557. [Google Scholar] [CrossRef]

	34. 
Wang, L.; Pratt, P.; Felicelli, S.D.; El Kadiri, H.; Berry, J.T.; Wang, P.T.; Horstemeyer, M.F. Pore formation in laser-assisted powder deposition process. J. Manuf. Sci. Eng. 2009, 131, 051008. [Google Scholar] [CrossRef]

	35. 
Pineau, A.; Benzerga, A.A.; Pardoen, T. Failure of metals i: Brittle and ductile fracture. Acta Mater. 2016, 107, 424–483. [Google Scholar] [CrossRef]

	36. 
Vilar, R. Laser powder deposition. In Comprehensive Materials Processing; Elsevier: Amsterdam, The Netherland, 2014; Volume 10, pp. 163–216. [Google Scholar]

	37. 
Zhong, C.; Chen, J.; Linnenbrink, S.; Gasser, A.; Sui, S.; Poprawe, R. A comparative study of inconel 718 formed by high deposition rate laser metal deposition with ga powder and prep powder. Mater. Des. 2016, 107, 386–392. [Google Scholar] [CrossRef]

	38. 
Pinkerton, A.J. Laser direct metal deposition: Theory and applications in manufacturing and maintenance. In Advances in Laser Materials Processing; Elsevier: Amsterdam, The Netherland, 2010; Volume 16, pp. 461–491. [Google Scholar]

	39. 
Amano, R.S.; Rohatgi, P.K. Laser engineered net shaping process for sae 4140 low alloy steel. Mater. Sci. Eng. A 2011, 528, 6680–6693. [Google Scholar] [CrossRef]

	40. 
Ma, M.; Wang, Z.; Zeng, X. Effect of energy input on microstructural evolution of direct laser fabricated in718 alloy. Mater. Charact. 2015, 106, 420–427. [Google Scholar] [CrossRef]

	41. 
Zeng, C.; Tian, W.; Liao, W.H.; Hua, L. Microstructure and porosity evaluation in laser-cladding deposited ni-based coatings. Surf. Coat. Technol. 2016, 294, 122–130. [Google Scholar] [CrossRef]

	42. 
Casati, R.; Lemke, J.; Vedani, M. Microstructure and fracture behavior of 316l austenitic stainless steel produced by selective laser melting. J. Mater. Sci. Technol. 2016, 32, 738–744. [Google Scholar] [CrossRef]

	43. 
Shim, D.-S.; Baek, G.-Y.; Lee, E.-M. Effect of substrate preheating by induction heater on direct energy deposition of aisi m4 powder. Mater. Sci. Eng. A 2017, 682, 550–562. [Google Scholar] [CrossRef]

	44. 
Carlton, H.D.; Haboub, A.; Gallegos, G.F.; Parkinson, D.Y.; MacDowell, A.A. Damage evolution and failure mechanisms in additively manufactured stainless steel. Mater. Sci. Eng. A 2016, 651, 406–414. [Google Scholar] [CrossRef]

	45. 
Sun, G.; Zhou, R.; Lu, J.; Mazumder, J. Evaluation of defect density, microstructure, residual stress, elastic modulus, hardness and strength of laser-deposited aisi 4340 steel. Acta Mater. 2015, 84, 172–189. [Google Scholar] [CrossRef]

	46. 
Suryawanshi, J.; Prashanth, K.G.; Ramamurty, U. Tensile, fracture, and fatigue crack growth properties of a 3d printed maraging steel through selective laser melting. J. Alloys Compd. 2017, 725, 355–364. [Google Scholar] [CrossRef]

	47. 
Sun, S.D.; Liu, Q.; Brandt, M.; Luzin, V.; Cottam, R.; Janardhana, M.; Clark, G. Effect of laser clad repair on the fatigue behaviour of ultra-high strength aisi 4340 steel. Mater. Sci. Eng. A 2014, 606, 46–57. [Google Scholar] [CrossRef]

	48. 
Bai, Y.; Yang, Y.; Wang, D.; Zhang, M. Influence mechanism of parameters process and mechanical properties evolution mechanism of maraging steel 300 by selective laser melting. Mater. Sci. Eng. A 2017, 703, 116–123. [Google Scholar] [CrossRef]

	49. 
Kudzal, A.; McWilliams, B.; Hofmeister, C.; Kellogg, F.; Yu, J.; Taggart-Scarff, J.; Liang, J. Effect of scan pattern on the microstructure and mechanical properties of powder bed fusion additive manufactured 17-4 stainless steel. Mater. Des. 2017, 133, 205–215. [Google Scholar] [CrossRef]

	50. 
Wang, K.; Dai, Y.; Spätig, P. Microstructure and fracture behavior of f82h steel under different irradiation and tensile test conditions. J. Nucl. Mater. 2016, 468, 246–254. [Google Scholar] [CrossRef]

	51. 
Shibanuma, K.; Aihara, S.; Suzuki, K. Prediction model on cleavage fracture initiation in steels having ferrite–cementite microstructures—Part I: Model presentation. Eng. Fract. Mech. 2016, 151, 161–180. [Google Scholar] [CrossRef]

	52. 
Chen, J.H.; Cao, R. Chapter 1—Introduction. In Micromechanism of Cleavage Fracture of Metals; Butterworth-Heinemann: Boston, MA, USA, 2015; pp. 1–54. [Google Scholar]

	53. 
Alam, M.M.; Kaplan, A.F.H.; Tuominen, J.; Vuoristo, P.; Miettinen, J.; Poutala, J.; Näkki, J.; Junkala, J.; Peltola, T.; Barsoum, Z. Analysis of the stress raising action of flaws in laser clad deposits. Mater. Des. 2013, 46, 328–337. [Google Scholar] [CrossRef]

	54. 
Zhao, X.; Chen, J.; Lin, X.; Huang, W. Study on microstructure and mechanical properties of laser rapid forming inconel 718. Mater. Sci. Eng. A 2008, 478, 119–124. [Google Scholar] [CrossRef]

	55. 
Vargas-Arista, B.; Teran-Guillen, J.; Solis, J.; García-Cerecero, G.; Martínez-Madrid, M. Normalizing effect on fatigue crack propagation at the heat-affected zone of aisi 4140 steel shielded metal arc weldings. Mater. Res. 2013, 16, 722–778. [Google Scholar] [CrossRef]

	56. 
Vazdirvanidis, A.; Pantazopoulos, G.; Louvaris, A. Failure analysis of a hardened and tempered structural steel (42CrMo4) bar for automotive applications. Eng. Fail. Anal. 2009, 16, 1033–1038. [Google Scholar] [CrossRef]

	57. 
Salemi, A.; Abdollah-Zadeh, A.; Mirzaei, M.; Assadi, H. A study on fracture properties of multiphase microstructures of a crmo steel. Mater. Sci. Eng. A 2008, 492, 45–48. [Google Scholar] [CrossRef]

	58. 
Darwish, F.A.; Pereira, L.C.; Gatts, C.; Graça, M.L. On the tempered martensite embrittlement in aisi 4140 low alloy steel. Mater. Sci. Eng. A 1991, 132, L5–L9. [Google Scholar] [CrossRef]

	59. 
Sun, G.; Bhattacharya, S.; Dinda, G.P.; Dasgupta, A.; Mazumder, J. Microstructure evolution during laser-aided direct metal deposition of alloy tool steel. Scr. Metall. 2011, 64, 454–457. [Google Scholar] [CrossRef]

	60. 
Balan, K.P.; Reddy, A.V. Aero steels: Part 1—Low alloy steels. In Aerospace Materials and Material Technologies; Springer: Singapore, 2017; pp. 149–171. [Google Scholar]

	61. 
Maciejewski, J.; Regulski, C. Fracture assessment of martempered and quenched and tempered alloy steel. J. Fail. Anal. Prev. 2009, 9, 397–408. [Google Scholar] [CrossRef]

	62. 
Feng, J.; Frankenbach, T.; Wettlaufer, M. Strengthening 42crmo4 steel by isothermal transformation below martensite start temperature. Mater. Sci. Eng. A 2017, 683, 110–115. [Google Scholar] [CrossRef]

	63. 
Krauss, G. Tempering of lath martensite in low and medium carbon steels: Assessment and challenges. Steel Res. Int. 2017, 1700038, 1–18. [Google Scholar] [CrossRef]

	64. 
Qin, R.; Zhang, X.; Guo, S.; Sun, B.; Tang, S.; Li, W. Laser cladding of high Co–Ni secondary hardening steel on 18Cr2Ni4WA steel. Surf. Coat. Technol. 2016, 285, 242–248. [Google Scholar] [CrossRef]

	65. 
Oh, M.C.; Yeom, H.; Jeon, Y.; Ahn, B. Microstructural characterization of laser heat treated aisi 4140 steel with improved fatigue behavior. Arch. Metall. Mater. 2015, 60, 5–8. [Google Scholar] [CrossRef]

	66. 
Hussein, A.-H.A.; Abdu, M.T.; El-Banna, E.-S.M.; Soliman, S.E.; Tash, M.M. Interrelation of steel composition, hardening route, and tempering response of medium carbon low-alloy steels. J. Mater. Eng. Perform. 2016, 25, 1463–1473. [Google Scholar] [CrossRef]

	67. 
Clarke, D.R. Stress generation during high-temperature oxidation of metallic alloys. Curr. Opin. Solid State Mater. Sci. 2002, 6, 237–244. [Google Scholar] [CrossRef]

	68. 
Song, M.; Lin, X.; Liu, F.; Yang, H.; Huang, W. Effect of environmental oxygen content on the oxide inclusion in laser solid formed aisi 420 stainless steel. Mater. Des. 2016, 90, 459–467. [Google Scholar] [CrossRef]

	69. 
Zhang, Y.; Yu, G.; He, X.; Ning, W.; Zheng, C. Numerical and experimental investigation of multilayer ss410 thin wall built by laser direct metal deposition. J. Mater. Process. Technol. 2012, 212, 106–112. [Google Scholar] [CrossRef]

	70. 
Yadollahi, A.; Shamsaei, N.; Thompson, S.M.; Seely, D.W. Effects of process time interval and heat treatment on the mechanical and microstructural properties of direct laser deposited 316l stainless steel. Mater. Sci. Eng. A 2015, 644, 171–183. [Google Scholar] [CrossRef]

	71. 
Gaskell, D.R. Discussion of “representation of mixed reactive gases on free energy (ellingham-richardson) diagrams”. Metall. Mater. Trans. B 1996, 27, 693. [Google Scholar] [CrossRef]

	72. 
Stratton, P. Ellingham diagrams—Their use and misuse. Int. Heat Treat. Surf. Eng. 2013, 7, 70–73. [Google Scholar] [CrossRef]

	73. 
Jia, Q.; Gu, D. Selective laser melting additive manufactured inconel 718 superalloy parts: High-temperature oxidation property and its mechanisms. Opt. Laser Technol. 2014, 62, 161–171. [Google Scholar] [CrossRef]

	74. 
He, B.; Li, D.; Zhang, A.; Lu, Z.; Ge, J.; Tat Khoa, D. Influence of oxidation on the cracks of dz125l nickel-based superalloy thin-walled parts in laser metal direct forming. Rapid Prototyp. J. 2013, 19, 446–451. [Google Scholar] [CrossRef]

	75. 
Caplan, D.; Sproule, G.I. Effect of oxide grain structure on the high-temperature oxidation of cr. Oxid. Met. 1975, 9, 459–472. [Google Scholar] [CrossRef]



































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  materials-10-01283


  
    		
      materials-10-01283
    


  




  





media/file8.jpg





media/file11.png





media/file6.jpg





media/file18.png





media/file1.png
o . —— ——— — —— — — — — — — — —

Shielding

Motion controller

Argon gas

Powder feeder
Motion control

Powder feed system | system





media/file13.png
o,
AR
‘) L
Y S
&4l
3 s
¥

Seld ]

O Ka

Fe Ka

S Ka

Si Ka

Mn Ka

Cr Ka






media/file10.jpg





media/file7.png





media/file12.jpg





media/file9.png
=
L

¢

g

3 n »
&
2]
=
O
ik
e »
O
P
O
g 3

/g

AV

S

>






media/file14.jpg
Spectrum 4 - Oxide






media/file16.jpg
e

4 T

Spectrum 13 - Oxide [@ Spectrum 14 - Oxide

Spectrum 15 - Oxide|






media/file5.png
Stress, MPa, N/mm?

{(b)

Interface.

*#3“
#3

- —g

- E—
4

E@(_:ture zone: As-deposited AlSI 4140 ‘
OO .10 0

I J T ' I

Strain, %





media/file15.png
(2)25 Spectrum 4 - Oxide

cps/eV






media/file3.png
(@)

(b)

Interface
bond

Deposition
direction

>

}

60

»

ﬂ Machining

6.5

(Unit: mm)





media/file17.png
(b)

.
14

@-«14»

-

_@-«13

e

@15'

Spectrum 16
+

250 ym

PAVLY

C
- un
- o
I i 58 ] | I I | I BN I PR ) l 1

i
o

(e

-
%4

L

|

.
»

S S——y—y

Spectrum 13 - Oxide

keV 10

—

)
C
C

Ol =1

e e o el G ci e O e o e o o

o

-
T R T I T T
n - -

Spectrum 14 - Oxide

Cr vFe

OO s O
< oy 10 15

(e, ol

{0

JC-—f
= fJ.
- |f _
- lll;n S_l
E Cr Al

0— I

v‘ -

Ca
IO L L L] P L L
N R ~

Spectrum 15 - Oxide

5






media/file4.jpg
Stress, MPa, N/mm*

600

500 4

400

300

200+

100

(b) —#

"

1

Fracro zone A depostod IS 140
A 1111 1
(3) [8guo56 . 758 09,

1

0 1 2 3] 4
Strain, %





media/file0.jpg
Argon gas

Powder feeder

Powder feed system






media/file2.jpg
Interface Deposition
bond direction

@ 9

60
I
Machining

20

®) 4 ,
16 4
55

(Unit: mm)





