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Figure 2.5  Stress components as a function of position along (a) the Z-axis of the plate
and (b) the Y-axis of the plate [4]

Pratt et al. [4] then used a three-dimensional thermo-mechanical model to simulate
the residual stress in an AISI 410 thin wall deposited by the LENS process. Figure 2.6

shows the geometry and meshing of the thin wall and substrate used for the model. The
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simulated residual stresses were plotted against position along the horizontal and vertical
centerlines. Figure 2.7 shows the comparison of the neutron diffraction data and the

simulated data for the residual stresses along the horizontal and vertical centerlines.
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Figure 2.6  Geometry and meshing of thin wall and substrate used for thermo-
mechanical model [4]
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Figure 2.7  Comparison of neutron diffraction data and simulated data for residual
stresses along the (a) horizontal direction and (b) vertical direction [4]

2.2 EBF3

Taminger et al. [1] studied the effects of translation speed, wire feed rate, and
beam power on the resulting microstructure and mechanical properties of 2219 Al and Ti-

6-4 deposits. They built samples that were a single pass wide and multiple layers tall. The
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resultant microstructure of the 2219 Al deposits ranged from a fine equiaxed grain
structure to large grains with dendrite growth. Figure 2.8 shows representative cross
sectional microstructures of 2219 Al deposits using high and moderate heat inputs.
Dendrite formation can be seen in the interface of layers due to remelting of the previous
layers. However, minimal dendrite formation is observed in the deposition with moderate

heat input.
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Figure 2.8  Typical microstructure of 2219 Al deposits for (a) high heat input and (b)
moderate heat input [1]

Figure 2.9 shows the microstructure of Ti-6-4 depositions. Large equiaxed
columnar grains can be seen in the side view of the Ti-6-4 deposit in Figure 2.9(a). An
Alpha-beta microstructure can be seen at higher magnifications of the deposit in Figure

2.9(b).
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Figure 2.9  Typical microstructure of EBF3 Ti-6-4 deposits at (a) low magnification
and (b) high magnification [1]

Figure 2.10 compares the mechanical properties of 2219 Al deposits to those of
typical handbook data for sheet and plate products [14]. The properties of as-deposited

2219 Al were between 2219 Al sheet and plate in the annealed (O temper) and
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solutionized and naturally aged (T4 temper) tempers. The 2219 Al deposits in the T62

temper were equivalent to typical T62 handbook properties for sheet and plate products

[14]. Figure 2.11 shows that the mechanical properties of Ti-6-4 deposits are also

comparable to those of annealed wrought product [15].
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Figure 2.10 Mechanical properties of EBF3 deposited 2219 Al as compared to typical
handbook values [14] for 2219 Al sheet and plate [1]
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Figure 2.11 Mechanical properties of EBF3 deposited Ti-6-4 as compared to AMS
4999 Ti-6Al-4V minimum specification (standard grade Ti-6-4) [15] [1]

The study showed that controlling the heat input through selection of the
translation speed, wire feed rate, and beam power can influence the microstructure in the
deposited material [16, 17]. However, the tensile strength of the 2219 Al and Ti-6-4 was

not statistically affected by the variation in heat inputs.
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CHAPTER III
MICROSTRUCTURE AND MECHANICAL PROPERTIES COMPARISON OF EBF3

AND LENS DEPOSITS

3.1 Overview

In order to study the microstructure and mechanical properties, samples were
made using both the LENS and EBF? processes. Various parameter settings were used to
deposit 316L stainless steel. Samples with the most optimum observable builds were used
for the study. A paper was presented at the Materials Science and Technology
Conference and Exhibition on the findings of this study [18]. Another paper was
presented at the ASME 2011 International Mechanical Engineering Congress and
Exhibition which discussed the microstructure and mechanical properties of AISI 316L
stainless steel using the EBF? process [7]. The goal of this experiment is to compare the
microstructure and mechanical properties of deposits made by the LENS and EBF?

processes.

3.2 Experimental Procedures
3.2.1 Deposition of LENS Samples

A research trip was taken to NASA Johnson Space Center to build samples for
study using their Optomec LENS machine. A very accurate log of the machine process

parameters was used for the LENS deposits. During the trip, samples were deposited on a
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0.5-inch thick AISI 316L stainless steel substrate. The powdered metal used for making
samples was AISI 316L stainless steel. To begin, ten-layer single wall samples were
made using the LENS process. Two sets of nine samples were made using different
combinations of operating parameters. Table 3.1 shows the process parameters for single
wall deposits by the LENS process. Laser power was varied between 200 and 500 W,
while scanning speed was varied from 10 to 40 ipm. The powder feed rate was held
constant at 4 ipm throughout the study. The eighteen ten-layer single wall samples were
then observed to determine the optimum operation parameters. Figure 3.1 shows
cylindrical deposits that were constructed using the same parameters as the optimum ten-
layer single wall sample parameters. The cylinders were 0.5-inch in diameter and 4-inch

tall.

Table 3.1  Process parameters for single wall deposits by the LENS process

Sample No. Scanning Speed (ipm) Laser Power (W)
1 10 200
2 10 350
3 10 500
4 25 200
5 25 350
6 25 500
7 40 200
8 40 350
9 40 500
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Figure 3.1  316L samples deposited by LENS on a 316L substrate

3.2.2 Deposition of EBF3 Samples

Research trips were also taken to NASA Langley Research Center to create
samples for study using their EBF® machine. A log of the process parameters was used
for the EBF? deposits. During the trips, two sets of samples were made. The first set,
shown in Figure 3.2(a), was produced on a commercially available 0.25 inch thick sheet
of AISI 304 stainless steel. The wire material selected for this study was 1.1 mm (0.043
inch) diameter AISI 316L stainless steel. Deposits of one, two, five, and ten-layer(s), 10
cm (4 inch) in length, were made for different process parameter settings. The beam
current was varied from 40 to 60 mA, while the translation speed measured either 10 or
20 ipm. Table 3.2 shows the process parameters for single wall deposits by the EBF?

process.
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The second set of samples, shown in Figure 3.2(b), was produced using 316L wire
of diameter 0.063 inch on a 325 stainless steel substrate. Accelerating voltage for this
deposit was 30 kV, with a beam current of 60 mA, scanning speed of 20 ipm, and a wire
feed rate of 40 ipm. For both sets, the beam acceleration voltage was held constant (30
kV). Of the four builds shown in Figure 3.2(b), only the second build of 16-layers

(indicated with dashed lines) was used for this study.

Figure 3.2 EBF? deposits of (a) single and double layer samples using AISI 316L solid
wire on AISI 304 stainless steel substrate, and (b) multi-layer AISI 316L
wire samples on AISI 325 stainless steel substrate
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Table 3.2 Process parameters for single wall deposits by the EBF> process

Sample Accelerating Beam Current | Scanning Speed | Wire Feed Rate
No. Voltage (kV) (mA) (ipm) (ipm)
1 30 40 10 20
2 30 40 20 20
3 30 40 10 40
4 30 40 20 40
5 30 60 10 20
6 30 60 20 20
7 30 60 10 40
8 30 60 20 40

All EBF? depositions started with a single heat pass by the electron beam without
wire feed to clean off any residual oxides and preheat the substrate to ensure adequate
adhesion. Between the depositions of subsequent layers, a cooling time of 60 seconds
was used. The deposits were placed 2.5 cm (1 inch) apart, with the purpose of minimizing
thermal interactions from one deposit to the next. Although this spacing did not eliminate
general heating of the substrate, it was sufficient to prevent overlap of heat affected zones

(HAZs) from neighboring deposits

3.2.3 Mechanical Testing

For the LENS study, one of the two cylindrical samples was used to extract
information about mechanical and microstructural properties, as both cylinders were
deposited using identical parameters. For EBF?, two square deposits, shown in Figure
3.3, were made with a width of 1 inch, height of 1 inch, and a length of 10 inch on a 5Smm
(0.197 inch) AISI 304 substrate. The parameters used to build the square samples were an
accelerating voltage of 30 kV, beam current of 60 mA, scanning speed of 20 ipm, and a

wire feed rate of 40 ipm. To begin, a heat pass was made with only the beam active at
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20mA. After this initial heat pass, the operator alternated between the two samples
building one layer at a time. This method was employed in order to increase the cooling

time of the previous layer to yield a higher quality build.

Figure 3.3  Square AISI 316L samples built on an AISI 304 substrate by the EBF?
process

All tensile tests were performed on an Instron 5869 load frame, with a loading
rate of 0.001 in/s. The ASME standard ES8 for Tension Testing of Metallic Materials was
referenced to determine appropriate geometries for specimens of both processes [19]. The
round LENS test specimen had a reduced section of 1.25 in, fillet radius of 0.188 in, gage
length of 1 in, and a reduced area diameter of 0.25 in. All square EBF? test specimens had

a reduced section of 0.25 in, fillet radius of 0.25 in, and a gage length of 1 in.

3.2.4 Microstructure Characterization

Post-testing, two specimens 0.5-inch in length and perpendicular to the build

direction were extracted from the grip sections of the LENS cylindrical sample. One

24



sample was taken from the region near the top layers, and the other nearest the substrate.
EBF® specimens were sectioned across the width of the deposits (parallel to build
direction) near the center of each single wall deposit. Specimens of both processes were
prepared for analysis by optical microscopy by hot mounting in resin, polishing, and then
etching. EBF® specimens were etched by immersing in a solution of 20 ml glycol, 10 ml
HF, and 30 ml HNOj for 5 min and 30 seconds for each sample. Initial etching of LENS
samples was performed in the same manner, however, additional research is currently
being conducted to find an alternative solution for better optical enhancement of the

surface features of LENS specimens.

3.3 Results and Discussion
3.3.1 Mechanical Testing

In Table 3.3, the mechanical properties obtained from tensile tests of both
processes are compared to those reported for 316L [20]. It is shown that both ultimate
tensile strength (UTS) and yield strength for LENS and EBF?® deposited samples show
higher values than those reported for this series of stainless steel. However, the
elongation results indicated less deformation prior to fracture of the samples than the
typical values. Overall, results of the mechanical tests indicated the superior properties of
both SFF deposited samples to that of a standard grade 316L stainless steel, with only a

loss in ductility of less than 10 percent.
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