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Abstract:



This contribution is focused on the influence of build orientation on hardness of materials sintered using direct metal laser sintering (DMLS) technology. It builds on the current research works that has monitored the influence of build orientation on a fatigue life, mechanical properties, roughness after machining, etc. In the mentioned work, a slight influence of build orientation on the above properties was shown. The hardness was measured on a Ti6Al4V alloy which was made of powder by DMLS technology. The individual materials were sintered at different laser powers, then annealed to remove internal stresses. Part of the experiment examined the metallographic analysis of materials in the direction perpendicular to the sintered layers and parallel with the sintered layers. Microhardness was measured on metallographic cross-sections and the results were statistically processed. The influence of laser power on a respective material hardness was assessed by one-way analysis of variance (ANOVA), a comparison of the hardness between sintered and sintered-annealed samples, as well as the comparison of hardness in the two considered directions was performed by t-test and F-test. A statistically significant difference in the hardness of the materials prepared at different laser powers was found. The influence of heat treatment, as well as the direction of material building also showed a statistically significant difference.
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1. Introduction


Rapidly expanding additive manufacturing (AM) methods have brought significant progress to the emerging industry over the last decade. They allow the production of metal parts of a complicated shape directly from a computer model, without time-consuming machining, assembly, or preparing expensive casting molds. The 3D printing process produces high strength, yet delicate, components that are used in many industries, including aerospace, automotive, electronics, packaging, and medicine.



In the area of biomedical engineering—implant production, replacement of various missing parts of the skeleton, etc.—the proven biocompatible Ti6Al4V alloy is widely implemented. Since each substitute possesses the unique shape and the number of pieces produced is in most cases only one, from an economic point of view classical production technologies are unusable. The only possible answer for these boundary conditions is additive manufacturing technology. The powder of Ti6Al4V alloy is most commonly processed by direct metal laser sintering (DMLS) and selective laser melting (SLM) [1,2,3,4,5,6,7,8,9,10,11].



1.1. Direct Metal Laser Sintering (DMLS)


Direct Metal Laser Sintering is an additive manufacturing technique for metal 3D printing. It utilizes a laser as a power source in order to sinter metal powder by aiming a laser and tracing a cross section of the object layer by layer. The dosing device adjusts the amount of powder for one layer and the blade arm spreads a uniform layer of powder on the surface of the platform according to the selected layer thickness, Figure 1. At the point of impact of the laser beam, the metallic powder is locally melted, whereby the underlying layer is melted and then solidified. Each run partially overlaps the preceding run in order to form proper metallic bonds between the current layer and previous layers and, therefore, produces a homogeneous solid. Previously-solidified layers are re-melted and cooled several times at inconsistent levels of heat [12]. The platform also delivers heat, so the molten metal solidifies very quickly. For most materials, the working chamber is filled with a protective gas environment to protect the part from oxidation. The thickness of the one powder layer is 0.020 to 0.100 mm [12]. Due to the surface quality of the part being sintered, finishing operations are an essential part of the production process—removal of supports, blasting, machining, grinding, polishing, [13] etc. Sintered parts can contain some structure defects due to the tendency of the process to build an unbalanced stress profile into the part between the layers during processing. This is known as the residual stresses problem and it can cause crack initiation, delamination, and can reduce the fatigue strength of the part compared to bulk-formed parts [12]. The problem of porosity and large microstructure defects that can degrade tensile properties is solved by optimizing the DMLS parameters.


Figure 1. Principle of direct metal laser sintering (DMLS) technology [11].
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However, besides DMLS technology, there is the widely-used selective laser sintering (SLS) and selective laser melting (SLM) technologies, and the following question often arises: What is the difference between the processes of sintering and melting? Sintering processes do not fully melt the powder, but heat it to the point that the powder can fuse together on a molecular level. In laser melting a full melt of processed powder can be achieved—the powder is not merely fused together, but is actually melted into a homogenous part. Advanced machines for DMLS/SLM are able to both sinter or melt the powder, depending on the process settings and laser type [14]. According to the settings and laser type the following binding mechanisms can be achieved: solid state sintering, chemically-induced binding, liquid phase sintering, partial melting, and full melting [15].



Due to the principle of these additive technologies, it is possible to expect some differences in structure, mechanical, or fatigue properties with respect to the direction of building the part [16,17,18,19,20].




1.2. Research Activities Related to DMLS/SLM of Ti6Al4V


Many authors in the research are focused on the effects of Ti6Al4V processing technology on its mechanical, fatigue properties, surface quality after machining, and so on [20,21,22,23,24,25,26]. In particular, the influence of the building direction in additive technologies is observed.



Since, in laser sintering, Ti6Al4V powder is locally, and in SLM technology, completely, melted, in resulting structure can expect to have different structural phases (β, α, α′, and αm) depending on the thickness of the part and, hence, also the different cooling rates [27]. When cooling the Ti6Al4V melt, the phase changes appear according to the TTT (time-temperature transformation) diagram are shown, which can be seen in Figure 2.


Figure 2. Time-temperature transformation diagram for Ti6Al4V alloy.
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In this sense, the DMLS or SLM process is, in part, similar to laser welding. Hong and Shin in [28] found that when welding the Ti6Al4V alloy, maximum hardness occurs at the fusion zone and HAZ (heat-affected zone) boundaries because of the high cooling rate. In addition, it has been found that the rate of laser welding has an effect on the formation of martensite and, hence, on the resulting hardness. To avoid a sharp increase in hardness at the weld edges, it is advisable to use lower welding power and lower weld speeds.



Li, in [29], found that different laser powers in SLM of commercially-pure titanium led to the different phase formation, microstructure, texture, and mechanical properties (the authors focused on compressive mechanical properties).



Mercelis, in [30], assessed residual stress in the parts produced using SLM and SLS technology. He found that the most important parameters determining the magnitude and shape of the residual stress profiles are the material properties, the sample and substrate height, the laser scanning strategy, and the heating conditions.



Kruth, in [15,31,32], found that in SLM, the process can be made following changes that reduce the high temperature gradient: using short scan vectors and preheating of the base plate can reduce the thermal stresses in a particular direction by the optimal choice of the orientation of the scan vectors. The change in thermal conditions affects the final properties of the product. Many works are also aimed on simulations of thermal conditions during additive laser processes, for example, Khairallah, in [14].



Raju, in [33], tested samples from a compact Ti6Al4V alloy covered with the same alloy by LMD (laser metal deposition) using different scanning speeds and, therefore, different cooling rates. It was found that LMD deposits of Ti6Al4V have a higher hardness compared to a compact base material. This is due to a ~50% decrease in the β phase relative concentration compared to the base material by transformation into a fine Widmanstätten α-colony. The fine Widmanstätten structure or martensite phase in the deposit has up to 20% higher microhardness compared to the base material. Thanks to the higher hardness, the layer applied increases the wear resistance of the material.



Milton, in his study [18], considered three different directions of building test samples produced by SLM technology. They examined the influence of the build direction on the resulting roughness after machining and compared it to the roughness of the compact hot rolled alloy. They found slight differences in hardness and, consequently, in roughness Ra relative to the build direction.



Konečná and Bača, in [17,19,34], studied the influence of the build direction in DMLS technology on the microstructure and fatigue. It has been found that the microstructure characteristics, such as pores, depend on the building process. The fatigue efficiency of the Ti6Al4V alloy depends on the the load direction relative to the build direction. The lowest fatigue strength was observed for samples loaded parallel to the build direction.



Weißmann, in [16], examined the mechanical properties of open porous structures with a different cell orientation against the load direction. It has been found that the elementary cell orientation affects the mechanical properties of the entire structure.



In the light of previously mentioned research works it is obvious that the parameters of additive technologies, together with the material used, geometry of the part, and the used sintering strategy significantly influence the thermal processes during sintering and, thus, the microstructure and mechanical properties of the final product. The inhomogeneity of the structure and mechanical properties resulting from different heat dissipation during layer cooling can be mitigated by heat treatment of the sintered products, as evidenced by the data from [35] where the basic mechanical properties differ depending on the direction, and also due to the heat treatment.



Therefore, the authors decided to contribute to the efforts of previous researchers and decided to map out several influences acting simultaneously: the influence of laser power, the build orientation, and the stress-relief annealing of Ti6Al4V alloy prepared by DMLS technology on mechanical properties, represented by the microhardness, using experimental and statistical tools.





2. Materials and Methods


2.1. Material


Ti6Al4V of grade 5 α-β alloy powder was used for sintering the test samples. The alloy always contains aluminum to stabilize the α phase and vanadium to stabilize the β phase. The two-phase microstructure typically consists of many lamellar colonies composed of varying needle layers and thin layers of β phase which cause good mechanical properties, such as high strength and good ductility. Table 1 shows the chemical composition and Table 2 shows the essential material characteristics of the material that meets the specifications of the standard ASTM F136. These specifications relate to the mechanical, chemical, and metallurgical properties of the Ti6Al4V alloy used in the manufacture of surgical implants [36].



Table 1. Chemical composition of the Ti6Al4V alloy [35].







	
Element

	
Al

	
V

	
O

	
N

	
H

	
Fe

	
Si

	
C

	
Ti






	
Wt. %

	
6.05

	
4.04

	
0.120

	
0.001

	
0.001

	
0.05

	
0.05

	
0.03

	
Bal.




	
ASTM F136

	
5.50–6.50

	
3.50–4.50

	
-










Table 2. Material characteristics of the Ti6Al4V alloy (as built, in the XY horizontal direction) * [35].







	
Microhardness

	
400–430 HV




	
Ultimate tensile strength

	
1290 ± 50 MPa




	
Young’s modulus

	
110 ± 15 GPa




	
Yield strength

	
1140 ± 50 MPa




	
Density

	
4.41 kg/dm3




	
Thermal conductivity

	
6.6 W/m °C




	
Max. long-term operating temperature

	
350 °C




	
Melting point

	
1670 °C




	
Relative elongation

	
7 ± 3%




	
Min. thickness of layer

	
30 μm




	
Min. Thickness of Wall

	
0.3–0.4 mm








* The data are valid for the powder material Electro Optical Systems (EOS) Titanium Ti64 powder, processed using EOSINT M 280/400 W with PSW 3.6 and parameter set Ti64_Speed 1.0. 








The material is supplied as a powder and is made by gas atomization (in air, steam, N2, Ar, He). Figure 3 shows the Ti6Al4V powder used in DMLS technology.


Figure 3. Ti6Al4V powder for DMLS technology. Reproduced with permission from author of [37].
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2.2. DMLS Parameters


Test samples were made on an EOSINT M 280 sintering device (EOS—Electro Optical Systems, München, Germany). The datasheet on this sintering device can be found in [38]. A high-energy CO2 laser system (EOS—Electro Optical Systems, München, Germany) was used for sintering, according to a defined pattern, at various power levels: 150, 155, 160, 165, 170, 175, 180, 185, and 190 W. The laser speed was 1250 mmps, and the thickness of the layer was 0.03 mm. The powder was locally melted at the laser beam track and then solidified. The steel platform serves as a structural support and heat dissipation device during sintering. To protect from oxidation the process takes place in an argon atmosphere.




2.3. The Shape and Dimensions of the Test Samples


For experimental works test samples were made with dimensions of 20 mm × 20 mm × 2 mm. The samples differ in the power of the laser sintering and heat treatment: sintered, or sintered-annealed.




2.4. Heat Treatment of Materials


Half of the test samples were heat-treated (stress-relief annealing) after sintering. The annealing temperature was 850 °C, the dwell time was 2 h, in an argon atmosphere.




2.5. Metallographic Study of Materials


Metallographic analysis of sintered materials was performed in two directions, perpendicular and parallel to the sintered layers (Figure 4).


Figure 4. Method of material collection for metallographic observation.
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Metallographic samples were grinded on a set of abrasive papers, polished using polishing silica suspension and etched using Kroll’s reagent, for 5–10 s at 25 °C. The evaluation of the materials’ microstructure was observed by light microscopy (LM, Olympus, Tokyo, Japan).




2.6. Hardness of Materials


The effect of change of the laser power on the structure and mechanical properties of sintered materials was determined by measuring the microhardness on metallographic sections. The hardness measurement was performed on hardness tester Shimadzu HMV2 (Shimadzu, Kyoto, Japan), load of 2.942 N and a dwell time of 30 s (HV 0.3/30). Measuring pattern shows Figure 5. For each laser power there were carried out 30 indentations for each material variation: sintered, sintered-annealed, in cross-section perpendicular to building layers, and parallel with the building layers.


Figure 5. Pattern of hardness measurement.
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2.7. Methods of Statistic Analysis


The scheme of particular groups of test samples is shown in Table 3.



Table 3. Taguchi design of experiments.







	
Laser Power (W)

	
150

	
155

	
160

	
165

	
170

	
175

	
180

	
185

	
190

	
Group






	
Sintered

	
┴

	
┴

	
┴

	
┴

	
┴

	
┴

	
┴

	
┴

	
┴

	
A




	
‖

	
‖

	
‖

	
‖

	
‖

	
‖

	
‖

	
‖

	
‖

	
C




	
Sintered-annealed

	
┴

	
┴

	
┴

	
┴

	
┴

	
┴

	
┴

	
┴

	
┴

	
B




	
‖

	
‖

	
‖

	
‖

	
‖

	
‖

	
‖

	
‖

	
‖

	
D








┴—metallographic section perpendicular to sintered layers; ‖—metallographic section parallel with sintered layers.








The aim of the statistical analysis was to find out whether there are statistically significant differences:

	
in the hardness between the samples prepared at different laser power—the comparison within each of the four groups (A—sintered, perpendicular direction, B—sintered-annealed, perpendicular direction, C—sintered, parallel direction, D—sintered-annealed, parallel direction)



	
in the hardness of the materials sintered and sintered-annealed in a particular direction—comparison between the two groups (A and B—sintered and sintered-annealed in the perpendicular direction, C and D—sintered and sintered-annealed in the parallel direction)



	
in the hardness of the materials in two different directions—the comparison between the two groups (A and C—sintered in the perpendicular and parallel direction, B and D—sintered-annealed in the perpendicular and parallel direction)








One-way analysis of variance (ANOVA) was used to compare materials sintered at different laser powers (nine levels of laser power, nine groups of materials). The one-way ANOVA is used to determine whether there are any significant differences between the means of three or more independent (unrelated) groups. The one-way ANOVA compares the means between the groups you are interested in and determines whether any of those means are significantly different from each other.



Distributional Fischer assumptions for ANOVA [39]

	
Independence of observations.



	
Normality of sampling distribution



	
Equal variance (homogeneity)








The independence assumption is based on the way data are collected. The hardness was monitored for ten different samples made at individual different laser power of 150 over 190 W. Groups of data for particular laser power are then independent.



We can to asses normality graphically before we carry out a Shapiro–Wilks test. We can select a histogram, the Q-Q plot, the P-P plot, and a box plot for assessing normality. The null-hypothesis of the Shapiro-Wilk test for normality is that the population is normally distributed. Thus, if the p-value is less than the chosen α level, then the null hypothesis is rejected and there is evidence that the data tested are not from a normally-distributed population, the data are not normal. On the contrary, if the p-value is greater than the chosen alpha level, then the null hypothesis that the data came from a normally distributed population cannot be rejected.



Homogeneity of variances means that the population variances in each group are equal. All selections are the same, using Cochran’s test or Hartley’s test for homogeneity of variances.



Test: H0: [image: there is no content]: H1: non-H0, where σ is variance of population.



Hartley’s Fmax test is probably the simplest test of homogeneity of variances. It is not very sensitive to departures from homogeneity. Cochran’s test is another relatively simple homogeneity of variance test. It uses the ratio of the largest variance to the sum of the variances as the test statistic. Since it uses more information it is more powerful than Hartley’s Fmax test, at least for small, equal sample sizes.



All tested groups of materials (A, B, C, and D) were tested using Shapiro–Wilks, Cochran’s, and Hartley’s tests. Results of these tests for all tested groups confirmed that Fisher assumptions for the use of ANOVA are met.



To determine the influence of annealing (comparison between sintered and sintered-annealed materials in a particular build direction) or the build direction at a particular laser power used the t-test and F-test. The t-test is probably the most commonly used statistical data analysis procedure for hypothesis testing. Actually, there are several kinds of t-tests, but the most common is the “two-sample t-test” also known as the “Student’s t-test”:


H0: μ1 = μ2 and then H1: μ1 ≠ μ2,








where H0 is the null hypothesis, H1 is the alternative hypothesis, and μ1, μ2 are the means of sets of data.



It can be used to determine if two sets of data are significantly different from each other. The two-sample t-test simply tests whether or not two independent populations have different mean values on some measure.



We consider three cases where the t distribution is used:

	
Equal variances



	
Unequal variances



	
Paired samples








The F-test is designed to test if two population variances are equal. It does this by comparing the ratio of two variances. To compare the variances of two quantitative variables, the hypotheses of interest are:


[image: there is no content]








where σ1 and σ2 are variances of the sets of data.



The test statistic in an F-test is the ratio of two scaled sums of squares reflecting different sources of variability. These sums of squares are constructed so that the statistic tends to be greater when the null hypothesis is not true. In order for the statistic to follow the F-distribution under the null hypothesis, the sums of squares should be statistically independent, and each should follow a scaled chi-squared distribution. One of the most important steps of a test to compare two population variances is to check the equal variances assumption if you want to use the pooled variances t-test. According to the results of the F-test we choose the t-test (equal variances, unequal variances).





3. Results and Discussion


3.1. Microstructure of Materials


The microstructure of individual sintered and sintered-annealed materials produced at different laser powers is shown in Figure 6.


Figure 6. Microstructure of analyzed materials, magnification: 100×; the black arrow in the first figure indicates the build orientation and applies to all figures in column A.



[image: Metals 07 00318 g006a][image: Metals 07 00318 g006b]






Similar to [32], the microstructure is characterized by large, elongated prior β-phase grain boundaries that are filled with very fine needles of acicular α′-martensite. In group A and B (cross-section perpendicular to sintered layers) we can see, that the prior β-phase boundaries grow epitaxially during the material processing and grow parallel to the build direction as a consequence of the thermal history experienced by the layers. The structures in columns C and D are characterized by equiaxed grains—perpendicular cuts of elongated prior β-phase grains



On all cross-sections of group A, the pattern of sintered layers is evident. In column C, the plane of the laser sintering can be recognized by the grid plan pattern (indicated by white lines in C-180 W). In columns B and D, corresponding to the annealed structure, the visible pattern disappears.



There is no visible difference between the microstructure of materials made under different laser powers (within columns). Based on [15,31,32] it can be stated that laser power affects the heat input during sintering, and then the microstructure; we suppose that final properties of material depends on the amount of particular phases. To confirm this assumption, complex phase analysis of the materials is required. However, this is beyond the scope of this article.




3.2. Effect of Laser Power on the Hardness


The effect of laser power on the hardness was tested by one-way ANOVA. When applying the ANOVA method, if the null hypothesis H0, that if all of the groups’ means are equal, is rejected at the level of significance then the alternative hypothesis H1 is favored, and it is necessary to identify which pairs of mean values differ statistically significantly at that level of significance. This next process is called “post hoc” analysis and consists of comparing the mean values of all pairs of selections. For this multiple comparison, different statistical methods are used, e.g., Fisher’s, Tukey’s, and Scheffe’s method. We use Tukey’s method because the sample sizes are equal (balanced model).



The values for the sintered and sintered-annealed samples are graphically represented by boxplots on the Figure 7. The results of the ANOVA, an example of post hoc analysis (for groups A and B), and the results of the t-tests for the corresponding groups of materials are shown in Table 4, Table 5, Table 6 and Table 7.


Figure 7. Boxplots for the sintered and sintered-annealed samples.
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Table 4. Results of ANOVA for analysed groups of materials.







	
Variable

	
One-Way ANOVA, Marked Effects are Significant at p < 0.0500




	
SS Effect

	
df Effect

	
MS Effect

	
SS Error

	
df Error

	
MS Error

	
F

	
P






	
A

	
12,676.03

	
8

	
1584.504

	
30,090.93

	
261

	
115.2909

	
13.74532

	
<0.00005




	
B

	
11,040.63

	
8

	
1380.019

	
29,191.8

	
261

	
111.846

	
12.3391

	
<0.00005




	
C

	
11,086.07

	
8

	
1385.758

	
30,735.43

	
261

	
117.7603

	
11.76762

	
<0.00005




	
D

	
4952.941

	
8

	
619.1176

	
35,401.00

	
261

	
135.6360

	
4.654552

	
0.000032








SS: sum of squares; df: degrees of freedom; MS: mean sum of squares; F: F-statistic; P: p-value. All bold letters means data < p-value.








Table 5. Post hoc analysis for group A, sintered, ┴.







	
A

	
Tukey HSD Test, Error: MS = 115.29, df = 261




	
150

	
155

	
160

	
165

	
170

	
175

	
180

	
185

	
190






	
150

	
-

	
0.2878

	
0.5717

	
0.0309

	
<0.00005

	
1.0000

	
1.0000

	
0.3665

	
0.0030




	
155

	
0.2878

	
-

	
0.0005

	
<0.00005

	
<0.00005

	
0.2878

	
0.3896

	
0.0001

	
<0.00005




	
160

	
0.5717

	
0.0005

	
-

	
0.9321

	
0.0005

	
0.5717

	
0.4538

	
0.9999

	
0.5802




	
165

	
0.0309

	
<0.00005

	
0.9321

	
-

	
0.0576

	
0.0309

	
0.0177

	
0.9862

	
0.9993




	
170

	
<0.00005

	
<0.00005

	
0.0005

	
0.0576

	
-

	
<0.00005

	
<0.00005

	
0.0017

	
0.0281




	
175

	
1.0000

	
0.2878

	
0.5717

	
0.0309

	
<0.00005

	
-

	
1.0000

	
0.3665

	
0.0030




	
180

	
1.0000

	
0.3896

	
0.4538

	
0.0177

	
<0.00005

	
1.0000

	
-

	
0.2681

	
0.0015




	
185

	
0.3665

	
0.0001

	
0.9999

	
0.9862

	
0.0017

	
0.3665

	
0.2681

	
-

	
0.7785




	
190

	
0.0030

	
<0.00005

	
0.5802

	
0.9993

	
0.0281

	
0.0030

	
0.0015

	
0.7785

	
-








All bold letters means data < p-value.








Table 6. Post hoc analysis for group B, sintered-annealed, ┴.







	
B

	
Tukey HSD Test, Error: MS = 115.29, df = 261




	
150

	
155

	
160

	
165

	
170

	
175

	
180

	
185

	
190






	
150

	
-

	
0.4154

	
0.7101

	
0.7101

	
<0.00005

	
0.9014

	
0.1278

	
0.9999

	
0.9647




	
155

	
0.4154

	
-

	
0.9999

	
0.9999

	
<0.00005

	
0.9971

	
0.9997

	
0.8553

	
0.9835




	
160

	
0.7101

	
0.9999

	
-

	
1.0000

	
<0.00005

	
0.9999

	
0.9859

	
0.9779

	
0.9996




	
165

	
0.7101

	
0.9999

	
1.0000

	
-

	
<0.00005

	
0.9999

	
0.9859

	
0.9779

	
0.9996




	
170

	
<0.00005

	
<0.00005

	
<0.00005

	
<0.00005

	
-

	
<0.00005

	
<0.00005

	
<0.00005

	
<0.00005




	
175

	
0.9014

	
0.9971

	
0.9999

	
0.9999

	
<0.00005

	
-

	
0.9102

	
0.9987

	
1.0000




	
180

	
0.1278

	
0.9997

	
0.9859

	
0.9859

	
<0.00005

	
0.9102

	
-

	
0.4904

	
0.8057




	
185

	
0.9999

	
0.8553

	
0.9779

	
0.9779

	
<0.00005

	
0.9987

	
0.4904

	
-

	
0.9999




	
190

	
0.9647

	
0.9835

	
0.9996

	
0.9996

	
<0.00005

	
1.0000

	
0.8057

	
0.9999

	
-








All bold letters means data < p-value.








Table 7. Results of t-test: the comparison between sintered and sintered-annealed samples (left) and between perpendicular and parallel direction (right).







	
Laser Power (W)

	
┴

	
║

	
Sintered

	
Sintered-Annealed




	
A-B

	
C-D

	
A (┴)-C (║)

	
B (┴)-D (║)






	
150

	
3.80 × 10−23

	
7.94 × 10−9

	
8.57 × 10−9

	
0.0059




	
155

	
6.24 × 10−17

	
0.3900

	
4.14 × 10−12

	
0.0002




	
160

	
5.40 × 10−17

	
0.0800

	
2.54 × 10−11

	
0.0002




	
165

	
5.83 × 10−24

	
7.04 × 10−5

	
1.10 × 10−8

	
3.13 × 10−7




	
170

	
7.31 × 10−27

	
0.0600

	
2.11 × 10−13

	
2.22 × 10−5




	
175

	
3.83 × 10−19

	
0.5200

	
2.33 × 10−12

	
8.26 × 10−6




	
180

	
2.68 × 10−17

	
0.0019

	
0.0103

	
0.0032




	
185

	
1.95 × 10−19

	
2.26 × 10−7

	
3.71 × 10−8

	
0.0028




	
190

	
7.01 × 10−21

	
3.17 × 10−8

	
7.84 × 10−6

	
5.10 × 10−9








All bold letters means data < p-value.








The results of ANOVA for all groups of materials are listed in Table 4. Examples of post hoc analysis for groups A and B are listed in Table 5 and Table 6. The statistically significant differences are marked in bold.



When p < α, there is a statistically significant difference between the samples made using different laser powers, showing that laser power affects hardness.



Bold-marked values in Table 5 indicate couples of laser powers between which the statistically significant difference have been noted. There are, relatively, many couples with such differences within group A.



Since in all cases p > α, the annealing led to removing statistically significant differences in hardness between the individual laser powers.



In group C (similarly like in group A) a statistically significant difference between many couples of laser power was noted, showing that laser power affects hardness. However, in group D in almost all cases p > α, the annealing led to the removal statistically significant differences in hardness between the individual laser powers.




3.3 Comparison of the Hardness of Sintered and Sintered-Annealed Materials


Sintered samples have higher values than sintered-annealed samples, whether they have statistically significant differences between them was detected using the F-test and t-test. Figure 8 and Figure 9 show mean the value dependence of hardness on laser power.


Figure 8. Hardness versus laser power for (A) sintered ┴, and (B) sintered-annealed, ┴.
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Figure 9. Hardness versus laser power for (C) sintered, ║ and (D) sintered-annealed, ║.
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From Figure 8 and Figure 9 it is apparent that annealing led to a decrease in hardness compared to the state after sintering in both directions. This is related to the disappearance of the layer pattern, which is evident from Figure 6. Based on the literature [32], it can be assumed that during sintering the intermetallic phase Ti3Al precipitates upon rapid cooling of the material due to the very low solubility of Al in Ti. The decrease in hardness of the materials after annealing can mean a reduction or partial dissolution of this phase.



The result of t-test is the p-value, Table 7. A p-value less than 0.05 (marked in bold) means the null hypothesis is rejected. This means that there is a statistical significant difference between sintered and sintered-annealed samples at different laser power.



It is evident from Table 7 (left two columns) that annealing leads to a statistically significant difference (decrease) in material hardness in the ⊥ direction (first column A-B). In the ║ direction (second column C-D), the differences in material hardness before and after annealing are less pronounced in the four laser powers, and are even statistically insignificant.




3.4. Comparison of the Hardness of Materials in Two Different Directions


Figure 10 and Figure 11 show the mean value dependence of hardness on laser power for particular materials.


Figure 10. Hardness versus laser power for (A) sintered ┴ and (C) sintered║.
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Figure 11. Hardness versus laser power for (B) sintered-annealed ┴ and (D) sintered-annealed ║.
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Figure 10 and Figure 11 compare the hardness of the sintered and sintered-annealed materials in two mutually perpendicular directions. The hardness of the sintered materials is higher in the direction perpendicular to layers (Figure 10). Annealing led to a more pronounced decrease in hardness in the perpendicular direction, which is shown in sintered-annealed materials with higher hardness in the parallel direction (Figure 11).



The p-values of t-test are listed in Table 7 (right two columns). The result of the t-test is the p-value; if the p value is less than 0.05, then the null hypothesis is rejected. This means that there is a statistically significant difference between the two build directions for all laser powers, even in sintered and sintered-annealed materials.





4. Conclusions


Based on the analysis of experimentally-prepared samples, the following conclusions can be drawn:

	-

	
The microstructure is characterized by large, elongated prior β-phase grain boundaries that are filled with very fine needles of acicular α′-martensite.




	-

	
The pattern of sintered layers is evident on metallographic cross-sections in the direction perpendicular to the sintered layers (layer thickness) and in the parallel direction (grid plan pattern) as well. After annealing, these patterns disappear.




	-

	
Annealing has led to a reduction in hardness regardless of the direction of material assessment




	-

	
ANOVA showed a statistically significant effect of the laser power on the hardness of both sintered and sintered-annealed materials, both in the perpendicular and parallel directions.




	-

	
Post hoc analysis defined specific laser power couples, between which a statistically significant difference in material hardness was expressed; after stress-relief annealing statistically significant differences decrease in both the perpendicular and parallel directions.




	-

	
Larger differences in material hardness due to annealing occur in the perpendicular direction compared to the parallel.




	-

	
Statistically significant differences were found in the hardness of the materials in the perpendicular and parallel build directions.




	-

	
Stress-relief annealing reduces differences in Ti6Al4V hardness between the two directions, contributing to the even distribution of hardness and, finally, isotropy of the mechanical properties of the final product sintered using DMLS technology.
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