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Abstract: The process parameters of laser additive manufacturing have an important influence on the forming quality of the produced items or parts. In the present work, a finite element model for simulating transient heat transfer in such processes has been implemented using the ANSYS software, and the temperature and stress distributions related to 316L stainless steel thin-walled ring parts have been simulated and analyzed. The effect of the laser power, scanning speed, and scanning mode on temperature distribution, molten pool structure, deformation, and stress field has been studied. The simulation results show that the peak temperature, weld pool size, deformation, and residual stress increase with an increase in laser power and a decrease in the scanning speed. The scanning mode has no obvious effect on temperature distribution, deformation, and residual stress. In addition, a forming experiment was carried out. The experimental results show that the samples prepared by laser power P = 800 W, V = 6 mm/s, and the normal scanning method display good quality, whereas the samples prepared under other parameters have obvious defects. The experimental findings are consistent with the simulation results.
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1  Introduction

Laser additive manufacturing (LAM) is one of the current hot advanced manufacturing technologies [1–5], which has received great attention and rapid development worldwide [6] and has broad application prospects in aerospace, medical, automobile, electronics, military, and other fields [7,8]. Iron-based alloys are widely used materials with good comprehensive properties in today’s engineering technology, because of its relatively low price of raw materials and high hardness, additive manufacturing can form a good metallurgical bond with the substrate [9], and has good toughness and wear resistance [10,11], has been widely concerned by scholars. Among them, the research of 316L stainless steel occupies a large proportion, which is closely related to its strong corrosion resistance, good work hardening, easy forming, and low cost [12–14].

At present, regarding the LAM of 316L stainless steel, scholars have carried out a large number of studies [15,16]. In terms of mechanical properties, Meier et al. [17] tested the density of 316L stainless steel forming samples under different process parameters, and found that when the laser power was 90 W, the density of the product was up to 99%, which was close to the fully dense state. Montuori et al. [18] determined the optimum parameters for the Selective Laser Melting additive manufacturing process of 316L steel to obtain high-density parts. Kim [19] prepared austenitic 316L stainless steel plate and box specimens using conventional machining processes and two additive manufacturing processes, direct metal laser sintering and direct metal machining, for tensile tests, Vickers hardness tests, and microstructures. In the test, by comparing the tensile strength and elongation of the conventional processing technology, it is found that the additive manufacturing process has better mechanical properties. Bevan et al. [20] researched the mechanical performance of AM austenitic stainless steel 316L under different strain rates. Gençoğlu et al. [21] studied the effects of SLM process parameters on the microstructure, mechanical properties, and wear properties of 316L stainless steel. As a result, it was determined that the manufacturing parameters/strategies used in the SLM method have a significant effect on the mechanical properties and wear performance of 316L stainless steel. The lowest wear rate was obtained for the sample produced with 70% hatch spacing and 0° build orientation. This sample also represented the parameter in which the highest microhardness and density ratio was obtained. Evans et al. [22] prepared 316L stainless steel rods by laser additive manufacturing technology and discussed the microstructural and mechanical changes.

In terms of forming quality, Badrossamay et al. [23] researched the relationship between scanning speed and forming quality of 316L stainless steel powder in the SLM forming process, and found that with the increase of laser scanning speed, the quality of formed parts also increased within a certain range. In order to study the effects of laser power, powder feeding rate, and scanning speed on the macroscopic quality of the clad layer, Yang et al. [24] conducted a single-layer single-pass forming test using the orthogonal test for laser melting deposition and selected the best combination of process parameters laser power 1000 W, powder feeding rate 0.7 g/min and scanning speed 600 mm/min, and subsequently prepared thin-walled parts of 316L stainless steel using the best parameters. The stress distribution of the specimen was measured by XRD: tensile stress at the top and bottom, and compressive stress at the middle part. Pragana et al. [25] investigated the effect of processing parameters on the density of 316L stainless steel parts produced by laser powder bed fusion. Liu [15] studied the effect of different process parameters on the LPBF of 316L stainless steel alloy. The influence of each process parameter on the porosity from large to small is as follows: scanning speed, layer thickness, laser power, and hatch space. The influence of each process parameter on the surface roughness is in descending order: hatch space, layer thickness, laser power, and scanning speed. Larimian et al. [26] studied the effect of laser energy density on the density of 316L samples prepared by selective laser melting and found that as the scanning speed increased, the energy density decreased, and the sample density gradually decreased.

In terms of residual stress, Liu et al. [27] analyzed the residual stress of 316L stainless steel formed by selective laser melting using the X-ray diffraction method, discussed the influence of process parameters on the distribution of transverse and longitudinal residual stress, and found that the thermal cycle affected the distribution and evolution of residual stress in the height direction. In the horizontal direction, higher energy input and longer forming length produced larger residual stress; the stress parallel to the scanning direction was much larger than that perpendicular to the scanning direction, and the peak of residual stress always appeared at the initial stage of scanning. Portella et al. [28] carried out surface mechanical wear treatment on 316L stainless steel parts and studied the residual stress. Deng et al. [29] used different process parameters for laser cladding of 316L stainless steel on Q235 substrates and investigated the effects of laser power, scanning speed, and powder feeding rate on the stresses in the clad layer. It is found that the clad layer was mainly tensile, and the residual stresses parallel to the scanning direction were greater than those perpendicular to the scanning direction. The residual stress at the location of the molten layer was around 230 MPa. The higher the laser power and the smaller the scanning speed, the higher the residual stress. Fergani et al. [30] proposed an analytical model for evaluating residual stress in additive manufacturing made of metallic materials and studied the residual stress of selective laser melting of 316L stainless steel to verify the reliability of the model.

At present, research on LAM of 316L stainless steel mostly blocks solid parts, there are few studies on the process simulation and its influence on 316L stainless steel thin-walled parts. Therefore, the temperature field and stress field were investigated using finite element simulation firstly in this paper. Then experimental studies were conducted to analyze the macroscopic morphology and microstructure. Through the combination of simulation and experiment, the key process of LAM of 316L stainless steel thin-walled ring parts was studied.

2  Finite Element Model and Simulation Scheme

2.1 Establishment of Geometric Model and Meshing

The external 3D software is used to draw the geometric model and import it into Ansys. The Transient Thermal and Static Structural modules in Ansys software are used for Thermal indirect coupling analysis. The substrate size is 45 mm × 45 mm × 5 mm, and the material is 45# steel. The inner diameter of thin-walled ring parts is 18 mm, the outer diameter is 20 mm, the height is 6 mm, each layer is 1 mm, the material is 316L stainless steel. The fine degree of mesh division will directly affect the calculation accuracy of simulation analysis. To improve the calculation efficiency under the premise of ensuring the accuracy of the calculation results [31], the mesh in the forming layer area is refined, while the mesh in the substrate area is sparse. The grid division is shown in Fig. 1.
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Figure 1: Meshing of finite element model

2.2 Initial and Boundary Conditions

Finite Element Simulation is one of the most accurate and popular techniques [32], the initial conditions and boundary conditions of the simulation process need to be set according to the actual working conditions. The boundary conditions of this simulation are set as follows:

(1) Initial conditions

During the laser additive manufacturing process, the initial temperature of the metal powder and substrate is assumed to be 22°C, and the ambient air temperature is also assumed to be 22°C.

(2) Boundary conditions

The heat exchange in the laser additive process is mainly based on thermal convection and thermal radiation. Therefore, the thermal boundary conditions in the calculation process are the third type of boundary conditions. When the boundary conditions are set, the effect of thermal radiation is small, so it can be ignored. The air convection coefficient in the laser additive manufacturing process is selected according to the empirical value, h = 10 W/(m2⋅°C).

2.3 Model Assumptions

LAM is a transient thermal analysis process that includes a complex series of changes in rapid melting, phase change, cooling, and solidification, and the model can become extremely complex if all these factors are taken into account. To simplify the operation, the following assumptions are made for the model [33]:

1.    The influence of liquid flow on temperature field and stress field distribution in the molten pool is ignored.

2.    The substrate is isotropic with the powder material, and the density of the material does not change with temperature.

3.    The external environment temperature of the workpiece is 22°C, and the heat transfer coefficient of the outer surface of the cladding layer is always constant.

4.    When the calculation step length time difference is small, it is considered that the physical parameters change linearly within a small step length.

5.    The yield of material obeys Von Mises’s yield criterion.

2.4 Heat Source Model

In this paper, a Gaussian heat source is used to simulate laser forming. The equation is as follows [34,35]:


q(r)=3Qπra2exp⁡[−3(rra)2]=3ηPπra2exp⁡[−3(rra)2]=qmexp⁡[−3(rra)2]
(1)

where 
ra
is the radius of the heat source area of action (m); r is the distance from the center of the heat source to any point in the heat source area of action (m); 
Q
is the thermal input of the laser beam (
W
); 
η
is the laser thermal efficiency; 
P
is the laser power (
W
).

In this paper, the thermal coupling method is used to solve the temperature field and stress field, and the APDL language is used to realize the loading of the continuous Gaussian distribution heat source. Then, according to the results of the temperature field, the node temperature is applied as the ‘body force’ load in the subsequent stress analysis to realize the thermal coupling.

2.5 Thermophysical Parameters of 316L Stainless Steel

In the process of material processing, the physical parameters of the powder and the forming entity differ greatly, and in the process of conducting simulation calculations, the parameters need to be set according to the actual change of material physical quantities with temperature. The metal powder used in this paper is 316L stainless steel, and its thermal physical parameters are shown in Table 1 [36].
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2.6 Simulation Scheme

Meier et al. [17,18,21,29] studied 316L stainless steel with different process parameters. To systematically study the influence of different process parameters on the forming of thin-walled ring parts, combined with the existing research results of many scholars, the following simulation scheme is designed: The scheme is shown in Table 2, and the influence of process parameters on temperature field and stress field is observed by controlling a single variable. In the LAM simulation experiment, the laser power, scanning speed, and scanning mode are selected for the simulation experiment. Other parameters such as the spot diameter is 2 mm, the laser absorption rate is 0.35.
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Scheme 2 is to fix the laser power P = 800 W and the scanning speed V = 6 mm/s. The effects of different scanning methods on the temperature field and stress field of 316L stainless steel thin-walled ring parts fabricated by LAM were studied by three different scanning methods. The scanning mode is shown in Fig. 2. The first scanning method is shown in Fig. 2a, starting from point A, forming a circle counterclockwise, and returning to point A, and the subsequent forming layers are scanned in this way, hereinafter referred to as normal scanning. The second scanning method is shown in Fig. 2b, starting from B, forming a circle in a counterclockwise direction and returning to point B, when the next layer is still starting from point B, forming a circle in a clockwise direction and returning to point B, the cycle repeats, the following is called alternate scanning. The third scanning method is shown in Fig. 2c, starting from C, forming a circle in a counterclockwise direction and returning to point C, and starting from D for the next layer, forming a circle in a counterclockwise direction and returning to point D point, and then the next layer takes E as the starting point, and so on, every 4 layers have a cycle, hereinafter referred to as periodic scanning.
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Figure 2: Three scanning modes: (a) normal scanning; (b) alternating scanning; (c) periodic scanning

2.7 Model Validation

Experiments were conducted to verify the effectiveness of the model. The surface temperature was recorded by a handheld infrared thermal imager in the process of LAM and compared with the simulation results. The experimental parameters are laser power 800 W, scanning speed 6 mm/s, spot diameter 2 mm. By comparison, it is found that the surface temperature of the actual machining process is very similar to the simulation temperature results, and from Fig. 3a, it can be seen that the peak temperature is 1774.4°C, and the peak temperature of Fig. 3b simulation is 1758.6°C. Within the allowable error range, it is proved that the simulation model in this paper is accurate and effective to a certain extent, and can be used for the analysis of LAM thin-walled ring parts.
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Figure 3: Comparison of experimental and simulation results: (a) experimental results; (b) simulation results

3  Analysis of Simulation Results

3.1 Effect of Laser Power, Scanning Speed, and Scanning Mode on Temperature Field

3.1.1 Laser Power

Fig. 4 shows the peak temperature of samples 1, 2, and 3 in the simulation process under the condition of changing laser power. As the laser power increases, the peak temperature increases. This is due to the increase of laser power, the energy density increases, the powder, and the matrix absorb more heat. So the temperature is higher, the cooling is slower, and the temperature peak becomes larger. Similarly, with the increase of scanning speed, the peak temperature in the simulation process shows a downward trend. Due to the increase of scanning speed, the residence time of high energy laser beam in unit length decreases, the contact time between powder and matrix and laser becomes shorter, and insufficient heat is absorbed so that the peak temperature decreases. By comparing the influence of the two on the temperature rise rate, it can be seen that the influence of laser power on the temperature peak in the simulation is much greater than that of the scanning speed.

[image: images]

Figure 4: Peak temperature at different laser power and scanning speed

3.1.2 Scanning Speed

Fig. 5 shows the temperature-time curves of specimens 1, 2, and 3 under different laser power conditions. Fig. 6 shows the change of temperature-load step of samples 3, 4, and 5 under the condition of changing scanning speed. In the heating process, the overall temperature of each temperature curve rises in the sixth layer of the forming process, reaching the highest temperature in the forming process. While the temperature distribution of the first five layers is relatively similar. The possible reason is that as the LAM process progresses, the previously heated forming layer will have a preheating effect on the subsequent forming layer. The formation of the first five layers brings a large amount of heat input, resulting in a continuous accumulation of temperature. In the sixth layer, the temperature rise rate is faster, resulting in a large in the layer. Comparing Figs. 4–6, it can also be deduced that the influence of laser power on temperature distribution and its peak is much greater than that of scanning speed.
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Figure 5: The temperature of samples 1, 2, 3 varies with time
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Figure 6: Temperature changes of specimens 3, 4, 5 with load step

3.1.3 Scanning Mode

Fig. 7 shows the peak temperature of three different scanning modes under the condition of fixed laser power 800 W and scanning speed 6 mm/s. It is found that the change of scanning mode has no obvious effect on the temperature change because the laser power and scanning speed directly affect the laser energy density, and the heat input is also affected by the laser energy density. The laser power and scanning speed of this group of parameters are fixed, and the heat input is unchanged, so the overall temperature changes little, and the effect of changing the scanning mode on the overall temperature is not obvious.
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Figure 7: Peak temperature of different scanning modes

3.2 Effect of Laser Power and Scanning Speed on Molten Pool

Fig. 8 shows the weld pool sizes of specimens 1, 2, and 3 at 9.948 s with only increasing laser power. The weld pool size increases with the increase of laser power. This is because the increase in laser power leads to an increase in heat input and heat input. The more fully the powder is melted, the larger the weld pool structure will be.
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Figure 8: Pool size of different laser power

Under the condition of changing scanning velocity, the weld pool sizes of specimens 3, 4, and 5 are shown in Fig. 9. It can be seen that the size of the molten pool is largest when the scanning speed is 4 mm/s. under the condition of constant laser power, the decrease of scanning speed makes the forming layer have more time to contact the laser heat source and obtain a large amount of heat input, thereby increasing the peak temperature of the molten pool and causing the size of the molten pool to increase.
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Figure 9: Pool size of different scanning methods

Through the above analysis, the larger the laser power, the larger the weld pool size and temperature peak, and the laser power have a greater influence on the weld pool structure than the scanning speed.

3.3 Effect of Laser Power, Scanning Speed, and Scanning Mode on Deformation

Fig. 10 is the deformation under different laser power. With the increase of laser power, the deformation increases first and then decreases. This is because when the laser power increases from 600 W to 800 W, the processing temperature is increased, resulting in the thermal expansion of the material. Then the stress generated during this process will be compressed during cooling, so the residual stress becomes larger and the deformation becomes larger and larger. When the laser power increases from 800 W to 1000 W, due to the increase of laser power, the laser energy is not all used to melt the powder, and part of the energy is transferred to heat, which reduces the temperature gradient so that the residual stress becomes smaller and the deformation is reduced.
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Figure 10: Deformation of different laser powers

Fig. 11 is the deformation under different scanning speeds. With the increase of scanning speed, the deformation decreases gradually. Due to the decrease of scanning speed, the time of additive manufacturing is prolonged, and the contact time between the high-energy laser beam and the powder and substrate is increased, that is, the utilization rate of laser energy is increased, the heat input is increased, and the deformation is increased.
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Figure 11: Deformation at different scanning speeds

Fig. 12 shows the maximum deformation position and the maximum deformation angle. Fig. 13 shows the maximum deformation angle under different laser power and scanning speed. With the increase of laser power from 600 W to 1000 W, the deformation trend of the forming layer to the center of the ring also gradually increases. With the decrease of scanning speed, the deformation trend of forming layer to the center gradually increases. The stress distribution is dominated by Y direction, the outside is tensile stress, and the inside is compressive stress, which can cause the trend of centripetal deformation.
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Figure 12: Maximum deformation position and deformation angle position
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Figure 13: Angle of maximum deformation

Fig. 14 shows the deformation cloud map of different scanning methods. When the laser power and scanning speed are fixed, the deformation increases or decreases with different scanning methods. The minimum deformation is 0.141 mm with normal scanning, and the maximum deformation is located at the bottom of the ring. When alternating scanning is adopted, the deformation increases to 0.212 mm, and the maximum deformation is located at the bottom of the ring. However, the deformation decreases to 0.176 mm when periodic scanning is adopted, and the maximum deformation is located at the top of the ring. Therefore, it is better to choose the normal scanning method from the perspective of deformation.
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Figure 14: Deformation cloud map of different scanning methods: (a) normal scanning; (b) alternating scanning; (c) periodic scanning

Through the above analysis, no matter increasing the laser power, reducing the scanning speed, or changing the scanning mode, the maximum deformation of the specimen is located near the overlap position of the starting point and the endpoint of the forming. This is because when the specimen is initially formed, the scanning speed gradually increases from 0 to the set parameter so that the height of the forming layer near the starting point is relatively high. As the forming process proceeds, each layer is affected by the starting position of the first layer, so the maximum deformation is located near the overlap position of the starting point and the endpoint.

3.4 Effect of Laser Power, Scanning Speed, and Scanning Mode on Residual Stress

Fig. 15a shows the variation of residual stress with time under the condition of changing the laser power when the scanning speed is fixed at V = 6 mm/s. The residual stress curves of laser power P = 600 W, 800 W, and 1000 W have the same distribution trend, showing a trend of increasing at the initial stage, then decreasing, and finally tending to be stable at the cooling stage. Fig. 15b shows the residual stresses of the samples at t = 0 s~120 s under different laser powers. It can be seen from the figure that the residual stresses of the six forming layers change obviously. When the laser power P = 1000 W, the stress increases significantly in the second band, and the distribution trends of the stress bands are roughly the same.
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Figure 15: Changes of residual stresses with time under different laser powers: (a) residual stress change after cooling; (b) residual stress variation in the first 120 s

Fig. 16a shows the residual stress curve at the midpoint of the formed third layer with time for different laser powers. It is observed that when cooling to room temperature, the laser power P = 800 W has the highest stress, followed by P = 600 W and P = 1000 W has the lowest stress. This is because the increase of laser power will lead to the increase of heat input per unit time, making the temperature peak larger, but the relative temperature gradient will become smaller, and the stress will become smaller accordingly. In the band t = 50 s~70 s, the residual stress at laser power P = 1000 W is much larger than the remaining two.
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Figure 16: Changes of residual stress with time in the first 120 s: (a) Different laser power residual stress changes; (b) Residual stress changes at different scanning speeds

To investigate the correlation between the scanning speed and the residual stress, the variation of the residual stress at the midpoint of the formed third layer was obtained for scanning speeds of 4 mm/s, 6 mm/s, and 8 mm/s, respectively, as shown in Fig. 16b. Although the scanning speeds were different, the stress curve distribution trends were the same. The overall residual stress decreases with increasing scan speed. As the scanning speed increases, the laser beam action time becomes shorter, the overall heat absorbed by the substrate decreases, and the temperature decreases, resulting in a decrease in the final temperature difference, so the residual stress decreases with the increase in the scanning speed.

Fig. 17 shows the stress of the middle node of the second layer in three different scanning methods: normal scanning, alternate scanning, and periodic scanning. It can be seen from Fig. 17a that after cooling to room temperature, the periodic scanning method has the minimum stress, and the normal scanning method has the maximum stress. According to Fig. 17b, it can be seen that the stress distribution of the specimens prepared by three different scanning methods is completely different at this node, and the stress distribution of alternating scanning and periodic scanning is relatively flat and uniform of normal scanning.
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Figure 17: Change of residual stress with time in different scanning modes: (a) maximum residual stress; (b) residual stress changes in the first 120 s; (c) stress in the X direction; (d) stress in Y direction; (e) stress in the Z direction

Figs. 17c–17e show the stress changes in the X, Y, and Z directions with different scanning methods. It can be seen from the figure that the stress in the X direction, the normal scan is much higher than the other two scan methods. Fig. 17d shows that the stress distribution trends of these three different scanning methods in the Y direction are very similar, and there is no significant difference in the peak value.

In the Z direction, as shown in Fig. 17e, the stress fluctuations of the three are large, but the peak difference is not large. This is because compared with alternate scanning and periodic scanning, the end-point and starting point of normal scanning are separated by a long time, the temperature gradient is large, and the material shrinkage is greatly inhibited increasing residual stress.

4  Experimental Scheme and Analysis of Results

The influence mechanism of key parameters has been obtained through the above simulation research: the influence of laser power on the temperature distribution and the size of the molten pool is much greater than that of scanning speed and scanning mode. The peak temperature, the size of the molten pool, deformation, and residual stress increase with the increase of laser power, and increase with the decrease of scanning speed. The scanning mode has no obvious effect on temperature distribution, deformation, and residual stress. To verify the correctness of the simulation and the selection of the optimal parameters, it is necessary to compare the simulation results with the experimental data, so the thin-walled ring parts forming experiment is carried out.

4.1 Experimental Scheme

The chemical composition of 316L stainless steel powder is shown in Table 3.
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The experiments of cycle scan were abandoned because of their poor forming quality during the preparation of cycle scan specimens. The processing experiments were carried out according to some of the process parameters used in the simulation and the optimized parameters, which are shown in Table 4, and the prepared specimens were analyzed for macroscopic morphology and metallographic organization.
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4.2 Macroscopic Morphological Analysis

Fig. 18a for laser power P = 600 W, scanning speed V = 6 mm/s, sample A1 prepared by normal scanning method, can be seen that the edge is uneven, there are some deformations, and the outer wall of the sample has more tumor. Fig. 18b shows sample A2 prepared by normal scanning method with laser power P = 800 W and v = 6 mm/s. The edge of sample A2 is relatively smooth and neat, and the boundary between layers is clear. The thickness of the layer is almost the same, and there is no obvious defect. Fig. 18c shows the sample A3 prepared by the alternate scanning method with laser power P = 800 W and V = 6 mm/s. It can be seen that the edge is smooth and flat, but the boundary between layers is not clear and the thickness of layers is different.
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Figure 18: Experimental results of specimens A1, A2, and A3: (a) macroscopic shape of A1; (b) macroscopic shape of A2; (c) macroscopic shape of A3

4.2.1 Analysis of the Phenomenon of “Sticky Powder Spheroidization”

As shown in Fig. 19a, sample A1 has the phenomenon of “sticking powder spheroidization”. This is because the laser power used for preparing this sample is P = 600 W, and the low power makes the heat input of the forming layer low, resulting in insufficient melting of the powder in the process of LAM thin-walled ring parts. Insufficient melting will lead to the adhesion of the powder. As the forming process proceeds, the more unmelted powder is. Similarly, the lower laser energy utilization rate of powder leads to the higher utilization rate of the substrate and the formed thin-walled structure. The temperature of the thin-walled structure increases gradually, and the powder adhesion becomes more serious, thus reducing the surface roughness and forming accuracy of the thin-walled ring parts.

[image: images]

Figure 19: Forming defects of thin-walled ring parts: (a) sample A1 defects; (b) sample A3 defects

4.2.2 Over-Melting, Cracking Defect Analysis

Fig. 19b shows the over-melting and crack defects of sample A3 after static cooling to room temperature. This is because when the scanning mode is set to alternate scanning, the high-energy laser beam scans in the opposite direction at the end of the former layer. The former layer has just been formed and the heat has not been completely dispersed. Then the end of the former layer is the starting point of the latter layer for scanning. The upper part of the former layer is again irradiated by the high-energy laser beam. The heat input increases and the temperature rises sharply, which greatly exceeds the melting point of the powder material, making the over-melting phenomenon occur in the former layer and the latter layer.

4.3 Analysis of Metallographic Results

The cross-section of thin-walled ring parts is shown in Fig. 19. It can be seen from the figure that the clear boundary between the forming layer and the layer is closely combined. In Fig. 20a, it can be seen that there are obvious cracks at the junction of the forming layer and the substrate, and the upper layer is accompanied by the tumor. In Fig. 20b, the sample is prepared by using the optimized process parameters. It can be seen that the forming layer is closely combined with the substrate, without obvious defects, and the thickness and width of the layer are uniforms. Fig. 20c is a cross-sectional view of sample A3, which is prepared by alternate scanning with laser power P = 800 W, V = 6 mm/s, and the thickness and width of the layer were not uniform.
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Figure 20: Cross-section of thin-walled ring parts: (a) sample A1; (b) sample A2; (c) sample A3

From Fig. 20, it can also be found that (a), (b) the width of the forming layer near the substrate is larger, and the width of the upper layer is smaller and relatively uniform, while (c) the sample is opposite, showing the bottom layer width is small, and the upper layer width is large and uniform. This is because (a), (b) sample in the initial processing, the scanning speed is gradually increased from 0 mm/s to 6 mm/s, the initial stage of scanning speed is slow, resulting in powder and laser at the bottom of the combination more, layer width becomes larger, then the scanning speed to maintain 6 mm/s uniform speed, layer width becomes smaller, the overall forming layer becomes uniform. Fig. 20c shows the opposite situation because when using alternate scanning mode, the starting point of the latter layer is close to the end of the previous layer, the overall temperature is high, the temperature gradient is large, and the over-melting phenomenon occurs, which makes the upper layer width larger.

The SEM images of the joint between the forming layer and the substrate of three samples with different parameters are shown in Fig. 21. This area formed by the fusion and diffusion between the powder material and the substrate, and the following is mostly planar crystal. This is mainly because the temperature of the substrate is almost the same as the ambient temperature in the initial stage of forming thin-walled circular parts, while the temperature of the molten pool is relatively high. A large temperature gradient is formed between the substrate and the molten pool, and it is not easy to appear a constitutional supercooling zone, which is conducive to the growth of planar crystals. Most of the above are epitaxially grown columnar crystals, and there are cellular crystals around them. This is because the thin-walled ring parts are stacked layer by layer from the bottom during the forming process. The closer to the high-energy laser beam, the higher the temperature, that is, the temperature gradient in the Z direction is the largest. Therefore, the grain growth rate in the Z direction is greater than that in other directions. Therefore, the columnar crystal exhibits epitaxial growth, which has obvious directivity and decreases along the direction of the temperature gradient. The lower columnar crystals are relatively coarse, while the upper columnar crystals are relatively small, mainly because the bottom is continuously heated, and the energy accumulated during the forming process promotes grain growth, resulting in coarse columnar crystals [37].
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Figure 21: SEM chart of joint between forming layer and base material of thin-wall ring part: (a) sample A1; (b) sample A2; (c) sample A3

The thin-walled ring part layer structure SEM diagram is shown in Fig. 22. The microstructure of the junction between the layer and the interlayer is dense, and the grains are uniform and fine. The interlayer structure is filled with columnar crystals and cellular crystals. Since the heat dissipation is fast and the temperature gradient is large perpendicular to the substrate direction, the grains grown perpendicular to the substrate direction grow preferentially, and the growth direction is shown in Fig. 22.
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Figure 22: SEM chart of thin-walled ring parts interlayer: (a) sample A1; (b) sample A2; (c) sample A3

The top SEM image of the thin-walled ring parts is shown in Fig. 23. The middle area still has columnar crystals and cellular crystals coexisting, and the area near the top layer is equiaxed crystals. This is because the LAM process is very cold and hot, and the area near the top layer dissipates heat and cools quickly. The finer the equiaxed crystal structure, the better the mechanical properties of thin-walled parts.
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Figure 23: SEM chart of thin-walled ring parts top: (a) sample A1; (b) sample A2; (c) sample A3

4.4 Selection of Optimal Process Parameters

In the process of thin-walled ring parts forming, according to the simulation analysis results and experimental results, the defects such as over-melting and crack appeared in the sample with alternate scanning, while the sample prepared by normal scanning had good forming quality and no obvious defects. Combined with finite element simulation analysis, the optimal parameters were obtained as follows: laser power P = 800 W, scanning speed V = 6 mm/s, and scanning mode was normal scanning.

5  Conclusion

In this paper, the LAM process of thin-walled circular parts of 316L stainless steel was simulated, and the effects of different process parameters on the temperature field and stress field were analyzed. The 316L stainless steel thin-walled ring parts were prepared through experiments, and their macro morphology and microstructure were observed. The optimal process parameters were selected according to the simulation results. The main conclusions are as follows:

1.    With increasing laser power, the temperature peak and melt pool size become larger. And with decreasing scanning speed, the melt pool temperature peak and size also become larger, but changing the scanning mode has little effect on its temperature distribution. During the simulation of the stress field, the maximum residual stress and deformation of forming layer increase with the increase of laser power only when the laser power is changed; when the laser power is kept constant, the decrease of scanning speed also leads to the increase of maximum residual stress and deformation. The maximum residual stress and the maximum deformation with the three different scanning methods are not very different. The residual stress is the largest during normal scanning, and the residual stress is the largest during periodic scanning; the deformation is the largest during alternating scanning, and the deformation is the smallest during normal scanning.

2.    316L stainless steel thin-walled ring parts were prepared by three different parameters, and their macroscopic morphology and microstructure were observed. When the laser power P = 600W, scanning speed V = 6 mm/s, the outer wall surface of the sample appears “sticky powder spheroidization” of the tumor, and cracks appear at the junction of the forming layer and the substrate. Laser power P = 800 W, scanning speed V = 6 mm/s, the sample prepared by normal scanning method has a smooth surface, a clear boundary between layer and layer, smooth and no obvious defects; laser power P = 800 W, scanning speed V = 6 mm/s, the sample prepared by alternate scanning method appeared over-melting and cracks. The microstructure of the sample is mainly columnar crystals growing along the direction of the temperature gradient, surrounded by cellular crystals, columnar crystals are coarse near the substrate. Combined with the analysis of simulation and experimental results, the optimal process parameters are determined as laser power P = 800 W, scanning speed V = 6 mm/s, and scanning mode is normal scanning.
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Table 3: Chemical composition table of 316L stainless steel

Chemical composition Cr Ni S1 Mn C P S Fe

Wt (%) 11.84 0.18 0.60 0.13 0.14 0.029 0.006 Bal.
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Table 4: Experimental processing parameters

Sample number Laser power (W) Scanning speed (mm/s) Spot diameter (mm) Scanning mode

Al 600 6 2 normal scanning
A2 800 6 2 normal scanning
A3 800 6 2 alternating scanning
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Table 1: Thermophysical parameters of 316L stainless steel

Temperature/°C Thermal Specific heat
conductivity (w/m-k) capacity (J/kg-K)
20 13.3 470
100 15.0 490
200 16.5 510
400 19.7 550
600 22.6 596
800 25.5 632
1000 27.9 685
1200 29.7 720

1400 32.0 875
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Table 2: Simulation process parameters of LAM

Scheme number 1 2 3 4 5

Laser power (W) 600 1000 800 800 800
Scanning speed (mm/s) 6 6 6 4 8
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