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Executive Summary 

This report describes the process by which Capstone Team 7 of Texas A&M 
University’s Department of Materials Science and Engineering tested a procedure 
to additively manufacture Ti-6Al-4V parts using non-beam-based methods. This 
began by understanding two of the most common non-beam metallic additive 
manufacturing processes: metal extrusion additive manufacturing (MEAM) and 
binder jet additive manufacturing. Following this, the team devised a strategy to 
test parts for mechanical strength, ductility, and density using a combination of 
tensile testing, hardness testing, Archimedes density measurements, and scanning 
electron microscopy with the goal of satisfying standard AMS4999* and producing 
Ti-6Al-4V components with equivalent properties to products fabricated by metal 
deposition.  

Experiments concluded that binder jetting, followed by direct sintering in a 
hydrogen atmosphere, left too many intrinsic pores to be viable without further 
process development. An alternative process, MEAM, followed by conventional 
sintering and thermohydrogen refinement of microstructure (THRM), resulted in a 
viable manufacturing process, which satisfied the majority of the property metrics 
outlined in the standard. This sintering method utilizes hydrogen as a temporary 
alloy addition, allowing for phase transformations in the material that refine larger 
grains of the bulk sintered component into smaller grains. The refined titanium (Ti) 
alloy is dehydrogenated under vacuum at moderate temperatures. Finally, 
conventional Ti heat treatments are used to globularize and age the microstructure. 
In combination with THRM, this creates an additively manufactured part with a 
microstructure comparable to wrought material.  

Finally, the team suggested that further study could be performed to understand the 
relationship between powder feedstock properties and the density of the parts, as 
well as further optimize the sintering parameters. These steps have a strong 
potential for improving the mechanical properties of the parts, ensuring higher 
consistency in surpassing the requirements of AMS4999.  

 

 
* AMS4999A. Titanium alloy direct deposited products 6Al - 4V annealed. SAE International; 2016 
Sep 26.  
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1. Introduction 

This report describes the process by which Capstone Team 7 of Texas A&M 
University’s Department of Materials Science and Engineering tested a procedure 
to additively manufacture Ti-6Al-4V parts using non-beam-based methods with the 
goal of satisfying standard AMS49991 and producing Ti-6Al-4V components with 
equivalent properties to products fabricated by metal deposition. 

2.  Background  

The most common metallic additive manufacturing (AM) processes are beam-
based methods such as selective laser melting (SLM) and electron beam melting. 
However, these methods have many limitations and beamless methods are currently 
under investigation by many researchers around the world. Non-beam metallic AM 
is a fairly new method that is under development.  

Despite the popularity of laser and electron beam-based methods for metal AM, 
these processes are heavily restrictive due to both material and process limitations, 
which affect the reliability of the final products and limit production on an industrial 
scale. In addition to low build rates and demanding feedstock requirements for 
beam-based methods, many issues are caused by the intense local thermal effects 
of the electron or laser beam on the metal surface. The thermal process history is 
inherently difficult to control and can vary widely in a single printed component. 
This can lead to poor mechanical properties, cracking, and porosity. It also severely 
limits the ability to process complex metals with a fine-tuned microstructure, such 
as precipitation-hardened alloys, where temperature and other processing 
parameters must be uniformly controlled. Additionally, this process has historically 
required a significantly high material and labor cost, including highly trained 
operators and a very narrow particle size distribution of metal powders. Given these 
restrictions, AM researchers are investigating novel non-beam AM methods that 
can process a wider range of materials at a lower cost and with higher rates of 
production.2 

Non-beam metal AM has various processes that may be used, yet there are two that 
are considered to be the most prevalent: binder jetting and metal extrusion.3 Since 
2012, there has been a continuous growth in the number of industries that have 
started to use non-beam metal AM.3 In non-beam AM, metallic powders are fused 
together without the use of a laser or electron beam. Instead, these processes form 
a green (i.e., an unsintered, near-net-shape part composed of bound metal powder) 
component by printing layer by layer. This part is then sintered using more 
conventional heating sources to sinter the metallic powders in a separate processing 
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step. Through this method, residual stress is minimized as the green parts are 
sintered after printing.3  

Binder jetting additive manufacturing (BJAM) is a layer-by-layer additive process,2 
as shown in the schematic of Fig. 1. A roller is used to move the powder from the 
feedstock container into the build area. Pistons move the feedstock up and the build 
platform down to accommodate this flow of powder and create a constant layer 
thickness. Binder jetting utilizes an inkjet printhead, which allows for the powder 
to be fused in the XY-direction by being surface sprayed with a binder. This binder 
also penetrates between layers and allows for fusion in the Z-direction. The curing 
stage is completed within the build box, which is implemented because of added 
rigidity from the polymer binder.4 Thermal debinding then removes the polymer 
binding agent, and the sintering process finishes the densification process and 
bonds the metal. The advantage of binder jetting is that the inkjet printhead 
improves the speed of printing, and the process allows for multiple layers of parts 
to be built simultaneously.  

 

Fig. 1 Binder jetting process2 

In a study performed by the mechanical engineering department of the University 
of Pittsburgh, the effect of the powder particle size distribution in binder jetting was 
investigated. When it comes to fine and coarse powders with a narrow particle size 
distribution, there are complications that can be caused by binder jetting.5 The 
complications it may cause involve many pores being created, which decreases the 
overall density of the metal significantly. The metallic particles are not able to fully 
pack during the final sintering process.5 Therefore, it was discovered that particle 
size is a parameter that must be taken into consideration when using BJAM so that 
pore sizes can be minimized and the final microstructure can be dense and closely 
packed together.  
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Research performed by Bai and Williams used a particle-free metal ink called 
metal–organic decomposition as the binding agent for binder jetting to create a final 
metallic product. As the ink is heated, metallic nanoparticles are formed that can 
strongly bond to one another when being deposited onto the bed.6 The nanoparticles 
can then be fused together through sintering. The final product is then a solidified 
metal that is very dense in the middle, but its outer shell is porous, mostly due to 
weak bonding at the surface.6 Overall, it was found that this method is effective 
because of its lower cost and its ability to alleviate some of the problems with 
particle suspension.6  

Ziaee, Tridas, and Crane created stainless steels through fine powder agglomerates 
and nylon12 powder mixed with the stainless steel. Their work resulted in final 
products with variations in density due to the different parameters that were used.7 
Because binder jetting uses sintering to fuse the metallic particles together, 
sintering is a huge part of the AM. Ziaee and colleagues found that the sintering 
density can be reduced by both methods: fine particle agglomerates and a mixture 
with nylon12. Therefore, if changes are applied to the sintering process for binder 
jetting, then there can result in a closer value to 100% density of the material, which 
is the goal.7  

Metal extrusion additive manufacturing (MEAM) was created in 1989 by 
Stratasys.2,8 In metal extrusion, metallic powders are mixed with organic binders to 
create the feedstock, which is the material that creates the overall structure being 
printed. The feedstock is heated up to its melting point and is extruded through a 
nozzle so that it may be deposited layer by layer onto a platform. The nozzle 
depositing the feedstock moves vertically, while the platform moves horizontally 
so that a 3-D structure can be built. When the part is finished being built, it must be 
debound using solvent, catalytic, or thermal debinding methods before being sent 
to a sintering furnace so that the metal particles can be fused together.2,8 Because 
metal extrusion is a non-beam AM process, a laser or electron source is not needed 
to be able to 3-D print a metallic material. Therefore, this lowers the production 
cost significantly as energy-based sources are generally cheaper.3  

In a study done by Gong et al., the differences between non-beam and beam-based 
AM were studied on stainless steel 316L. Mechanical testing such as hardness, 
tensile strength, and microstructure analysis was performed on the material. It was 
found that metal extrusion had slightly smaller values for the performed testing. 
However, metal extrusion was also deemed the best option to use because of its low 
cost and easy use.9 This study reveals that MEAM is a lot less cost prohibitive than 
SLM.  
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In another study performed by Annoni and colleagues, a new metal extrusion 
process was proposed with high-viscosity mixtures and low polymer accumulation 
(Fig 2).10 Binder percentage and the nozzle diameter were tested during this 
research to see their effects on extrudability and cohesion of the printed material. It 
was found that a nozzle with a diameter of 0.9 mm was ideal for this process. It was 
also found that each material has to have an optimal binder percentage because a 
higher binder percentage may improve bonding but may make it harder to remove 
the binder prior to sintering. This means that the sample will have a relatively high 
amount of polymer left in it, which is not ideal for material performance after 
sintering. This study found that the new metal extrusion process resulted in a high 
density, indicating that the porosity was at a minimum.10 

 

Fig. 2 Metal extrusion process in non-beam AM8 

Non-beam AM typically creates stronger and more uniform microstructures than 
beam-based AM, because it relies on uniform sintering to decrease porosity in the 
structure. Beam-based AM uses a laser to melt a powder before allowing it to 
resolidify. This change in state causes nonuniform microstructure throughout the 
material and provides poor mechanical properties as well. On the other hand, non-
beam AM uses sintering to form the structure without a change of state. Sintering 
is thermodynamically driven by the minimization of surface energy, which 
promotes bonding between particles. A low porosity can be achieved by high 
temperature and long sintering times.11 

Hydrogen sintering and phase transformation (HSPT) is a novel process where 
titanium (Ti) alloys are sintered in a hydrogen atmosphere to promote densification, 
while special phase transformations are subsequently used to refine the 
microstructure. This process can be closely related to the thermohydrogen 
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refinement of microstructure (THRM) process, which is utilized to refine the 
microstructure of bulk components. Considering that the printer originally used was 
unavailable, the group decided to go through a powder metallurgy process to mimic 
non-beam AM. Therefore, HSPT was one of the processes studied, as well as 
vacuum sintering (VS), another popular process within powder metallurgy and AM.  

HSPT is a sintering-based powder metallurgy process that uses hydrogen during 
the sintering process to achieve an ultra-refined microstructure.12 In a study done 
by Sun et al.,12 the group focused on the HSPT process on Ti-6Al-4V because pre-
alloy Ti was deemed to have a very coarse microstructure through conventional 
VS; therefore, the project aimed to understand what role HSPT could have in the 
microstructure of Ti.12 They found that HSPT created the ultra-refined 
microstructure through precipitation of the fine 𝛼𝛼/𝛼𝛼2 particles within the 𝛽𝛽 grains 
and the eutectoid transformation of the remaining 𝛽𝛽 grains into fine grains at low 
temperatures.12  

VS is one of the more common processing methods in powder metallurgy and AM. 
In this process, a vacuum atmosphere is used to allow the material to minimize its 
pores and become denser. However, it has been discovered that this method often 
does not lead to a minimum of 98% densification, which is the goal.13 A study done 
by Luo and colleagues examined the densification of Ti in an argon atmosphere and 
a vacuum atmosphere to determine the best method for reducing pore size. Through 
the study, it was found that sintering in argon was more effective for pore size 
distribution and pore morphology when it was within a reasonable isothermal 
period. However, there were still some disadvantages to the method, such as having 
smaller pores but a higher density of pores when compared to VS.13 Overall, both 
methods are effective with their respective limitations.  

The material printed was the common high-performance aerospace alloy Ti-6Al-
4V (Ti64). It combines a low density with high mechanical strength, making it a 
unique option within the metals space. Ti64 also has a high cost, therefore making 
AM an area of interest for making parts out of it. The standard AMS49991 outlined 
the goals for the mechanical properties of parts produced. This standard requires a 
minimum ultimate tensile strength (UTS) of 889 MPa, a yield strength of 799 MPa, 
and 6% elongation at failure. AMS4999 is a direct energy deposition standard, 
which is a beam-based process and makes it a good comparison for non-beam AM 
processes because it is made with an assumption of the inherent porosity of AM 
processes. This standard differs only slightly from the ASTM standard for wrought 
Ti64 in UTS and yield strength but provides a much lower percent elongation at 
failure to compensate for the increased porosity. Therefore, the goal of the group 
was to find a process that could create a sample that meets each of these goals.   
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3. Methods 

3.1 Tensile Testing 

The team used tensile testing to determine the strength of Ti-6Al-4V. The 
printability of the Ti64 allowed for a cylindrical tensile test specimen to be printed. 
However, due to a lack of grips that fit the geometry of that specimen, the team 
opted to test smaller test specimens that were cut out from a larger sample through 
electron discharge machining (EDM). The team pulled these smaller specimens on 
a Phenom XL SEM DEBEN Microtest Module. The team also employed digital 
image correlation (DIC) to calculate the strain in the material.  

In total, the team received five hydrogen-processed samples and four VS samples 
with dimensions of approximately 6 mm in length, a 1-mm gauge width, and a  
0.5-mm gauge thickness. To prepare the samples for DIC, the team polished the 
samples with 180-, 320-, and 600-grit sandpaper while lubricating them with water. 
After polishing, the samples were sprayed with a speckle pattern using an airbrush. 
To achieve this, the team used a 20 to 1 ratio of white paint to black printer toner 
by weight. The speckle pattern was applied in a single layer to achieve full coverage 
of the gauge and ensure an accurate DIC strain reading. Figure 3 shows a visual 
representation of a sample within the tensile testing setup. Immediately following 
the patterning, the samples were ready for tensile testing. 

 

Fig. 3 VS Sample 2 with speckle pattern in the tensile test setup 

The team used the DEBEN Microtest Module to pull the samples. The module was 
positioned beneath a camera, which recorded the entirety of the test. Point Grey 
FlyCapture software controlled the camera and its settings. More specifically, the 
team set the polarity to a maximum and determined the shutter speed by trial and 

1mm 
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error. This ensured that as the samples were pulled, new material emerging to the 
surface did not disrupt the speckle pattern and ruin any DIC calculations. 

The tensile test setup used tool steel grips to pull the samples. The team used a 
strain rate of 0.30-mm/s strain rate because it was the slowest strain rate available 
on the DEBEN system. The samples were pulled to failure. 

Vic-2D computed the strain readings from the footage captured in tensile testing. 
Lagrangian strain in the X-direction was selected for strain maps, while a digital 
extensometer was used to compute the strain used for the stress–strain curves. The 
DIC strain readings were assumed to be more accurate than the strains from the 
displacement of the DEBEN module. 

3.2 Hardness Testing 

Hardness testing was performed to estimate the strength of the material. The type 
of hardness used on Fig. 4 is Vickers hardness with a load of 300 g. Each sample 
was indented 10 times. The goal was to achieve a hardness correlating to the UTS 
standards of AMS4999,1 which dictate 889 MPa. 

  

Fig. 4 Vickers hardness measurement system in the Zachry Lab 

3.3 Archimedes Density Measurement 

The Archimedes method determines the density of a part by using the Archimedes 
principle of buoyancy and multiple mass measurements. First, a sample is measured 
dry, in air, and then while submerged in water using a modified scale for these 
purposes. This second mass will be lower than the first due to the buoyant force. 
The volume of the water displaced by the part can then be calculated according to 
Eq. 1: 
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 𝑉𝑉 =  
𝑚𝑚𝑑𝑑 −𝑚𝑚𝑠𝑠

𝜌𝜌𝑤𝑤
 (1) 

where 𝑉𝑉 is volume, 𝑚𝑚𝑑𝑑 is dry mass, 𝑚𝑚𝑠𝑠is submerged mass, and 𝜌𝜌𝑤𝑤 is the density of 
water. The density is then calculated as the dry mass divided by the volume.  

4. Results and Discussion 

4.1 SEM Imaging 

Scanning electron microscopy (SEM) images of Ti-6Al-4V were obtained for 
hydrogen-processed and VS microstructures (Figs. 5 and 6). In addition, energy-
dispersive X-ray spectroscopy (EDS) was performed on the specimens to confirm 
their relative aluminum (Al)-vanadium (V) composition as well as analyze the 
composition of each phase. Tables 1 and 2 provide the data for Figs. 5 and 6, 
respectively.  

 

Fig. 5 VS- and THRM-processed EDS examination 
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Table 1 VS sample EDS data 

VS Element Concentration 
(wt%) 

Linescan 1 
Ti 
Al 
V 

88.65 
5.54 
5.81 

Spot 2 
Ti 
V 
Al 

76.88 
19.68 
3.44 

Spot 3 Ti 
Al 

98.56 
1.44 

Spot 4 Ti 
Al 

92.25 
7.75 

 

 

Fig. 6 VS microstructure and EDS 
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Table 2 VS EDS data 

VS Element Concentration 
(wt%) 

Linescan 9 

Ti 
Al 
V 

Zinc (impurity) 

87.62 
6.68 
3.69 
2.01 

Spot 4 
Ti 
Al 
V 

90.79 
7.59 
1.62 

Spot 5 
Ti 
Al 
V 

84.27 
4.14 

11.59 

Spot 6 
Ti 
Al 
V 

90.45 
7.54 
2.01 

 
EDS data demonstrate conformity with typical Ti-6Al-4V microstructure. The line 
scans reveal a typical 6:4 Al-to-V relationship, accounting for some error resulting 
from crossing over different phase compositions. Spot analysis along the grain 
boundaries—such as Spot 2 in the hydrogen-processed sample and Spot 5 in the 
VS sample—reveal areas of strong V concentration, indicating a clear alpha-beta 
structure. The strong V concentration in the beta phase is compensated by slightly 
less than 4% V concentration in the primary alpha phase, as shown in Spot 4 in  
Fig. 6. 

The immediate structural observation from the backscatter SEM images of Figs. 5 
and 6 is that the HSPT microstructure appears to exhibit greater isotropy than the 
VS microstructure. This is supported by the obvious alignment of the V-rich phase 
in Fig. 6, as well as the nonuniformity in image intensity, which indicates a 
heterogeneous texture. These observations are consistent with observations that VS 
produces a much coarser microstructure in Ti-6Al-4V than the novel hydrogen 
sintering processes.12 These results are also observed in the large-scale images in 
Figs. 7 and 8, which were compiled from individual tile images for each processing 
method. 
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Fig. 7 Hydrogen-processed large-scale microstructure 

 

Fig. 8 VS large-scale microstructure 

4.2 Hardness Testing 

Table 3 compares two types of BJAM samples. As expected, the cold isostatic press 
(CIP) sample has a higher average compared to the as-received (AR) sample due to 
the CIP powder being more compacted than the AR. Both samples are porous; 
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however, AR is more porous and it was difficult to avoid pores when performing 
hardness tests. The BJAM sample is not the ideal candidate for the process because 
the high hardness would lead to a high approximated tensile strength. The samples 
have very high porosity; therefore, the BJAM sample is not suitable for the process 
as it would have a low real yield strength. 

Table 3 BJAM samples: CIP and AR 

 

4.3 Archimedes Density Measurements 

As seen in Table 4, the MEAM parts had relative densities of over 98% based on a 
theoretical density of 4.43 g/cm3. This indicates that such parts should not have a 
detrimental level of porosity.  

Table 4 Archimedes density measurements of the MEAM samples 

Sample 
Archimedes 

density 
(g/cm3) 

Relative 
density 

Hydrogen processed 4.358 98.38% 
VS (AR) 4.344 98.07% 

4.4 Tensile Testing 

Figure 9 shows the tensile testing data for the THRM Ti-6Al-4V samples. As 
previously mentioned, these tensile testing samples were miniaturized versions. In 
Fig. 9, Sample 2 fails earlier than the rest. The reason for this early failure is the 
result of the sample slipping during testing, and as such, the data point should be 
considered an outlier. Due to a lack of sample tests, the team decided to include the 
recorded data. Table 5 provides a summary of the tensile tests. The maximum stress 
value was used throughout the data to calculate the UTS of each sample. The 
Young’s modulus was calculated from a linear fit of the elastic region of each 
sample; the slope of the curve was taken and then converted to units of gigapascals. 
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The Tabor relationship was utilized to approximate the hardness from yield strength 
values to provide a comparison to other measurements.  

 

Fig. 9 Stress vs. strain curves for THRM samples of Ti-6Al-4V 

 

Table 5 Data from stress vs. strain curves of THRM Ti-6Al-4V samples 

Property THRM 1 THRM 2* THRM 3 THRM 4 Average 
UTS (MPa) 1027 826 1037 1003 973 
Young’s modulus (GPa) 107.478 110.223 123.303 117.537 114.635 
Stress at failure (MPa) 1022 818 1036 1003 970 
Yield strength (MPa) 978 790 982 969 930 
Hardness estimation (MPa) 326 263.33 327.33 323 310 
% Elongation 4.5 2.4 8.7 7.0 5.65 

* Sample deformed in grips and fractured outside of gauge, resulting in an invalid test.  
As can be seen from both Fig. 9 and Table 5, all the samples performed similarly. 
When comparing these results to our goal of 889 MPa for the UTS, 799 MPa for 
the yield strength, and a 6% elongation, the THRM samples were able to meet or 
exceed these requirements. While there are a few discrepancies for THRM 
Sample 2, it can still be seen that all the other samples, which did not slip, were 
able to meet those goals.  

Figure 10 shows the stress vs. strain curves for the VS Ti-6Al-4V samples. When 
paying close attention to Fig. 10, it can be seen that both samples have very similar 
moduli, yield strengths, and failure stresses. However, these samples did fail earlier 
than expected at about 2.4% and 3.6%—significantly smaller values than the 
THRM Ti-6Al-4V samples. Per the data in Table 6, the VS samples did not meet 
our goals. The UTS is approximately 200 MPa lower than we would like and the 
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yield strength is approximately 100 MPa lower. The hardness estimation of these 
samples was calculated in the same way as the THRM samples, where the yield 
strength was just divided by 3. While these values are still high, they are not as high 
those for the THRM samples, as seen in Tables 5 and 6.  

 

Fig. 10 Stress vs. strain curves for VS samples of Ti-6Al-4V 

Table 6 Data from stress vs. strain curves of VS Ti-6Al-4V samples 

Property VS 2 VS 3 Average 
UTS (MPa) 684 660 672 
Young’s modulus (GPa) 102.333 92.459 97.396 
Stress at failure (MPa) 669 639 654 
Yield strength (MPa) 683 649 666 
Hardness estimation (MPa) 227.67 216.33 222 
% Elongation (%) 2.4 3.6 3 

 
As mentioned earlier, there was a total of five THRM samples and four VS samples. 
However, measurement errors resulted in no data collection for some of the 
samples. Overall, it can be concluded through Figs. 9 and 10 and Tables 5 and 6 
that the best processing choice for AM is THRM, because it resulted in a UTS over 
889 MPa, a yield strength over 799 MPa, and an elongation higher than 6%.  
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5. Conclusions 

The BJAM process was eliminated due to the unmanageable level of inherent 
porosity in the parts. While this leads to high hardness values, these values would 
not properly convert to a high UTS due to these pores. Though, there is potential in 
the CIP sample, which had considerably lower porosity than the AR BJAM sample. 

The MEAM samples were able to have tensile bars cut, and testing showed that the 
THRM method was superior to the VS method. This is due to the refinement in the 
microstructures that the THRM process allows for with the formation of the 
titanium hydride grains. The process reached the goals laid out by AMS49991 
except for the percent elongation at failure. The average elongation value of 5.65% 
is below the goal of 6%, but this method could be further optimized to remove more 
pores.  

The thermal profiles for THRM, HSPT, and the posttreatment process used to 
globularize or create bimodal microstructures14 are shown in Fig. 11. THRM, as 
shown in Fig. 11a, is performed on a bulk, fully consolidated component. Since the 
material is already fully dense, the high-temperature portion of the curve is utilized 
to charge the material with hydrogen to the equilibrium concentration so that the 
grain-refining phase transformations can be performed with hydrogen as a 
temporary alloy addition. After grain refinement, the material is fully 
dehydrogenated in vacuum at a slightly elevated temperature. HSPT of MEAM and 
BJAM materials, as shown in Fig. 11b, requires an additional low-temperature 
stage to thermally debind the material before sintering in a hydrogen atmosphere at 
elevated temperature. The phase transformation and hydrogen removal steps are 
similar to THRM processing, but the exact procedure can vary depending on the 
geometry of the material and the desired microstructure. The highly refined 
microstructure produced by THRM and HSPT processing may be further modified 
using conventional heat treatments that have been established for wrought 
processed Ti-6Al-4V materials,15 as shown in Fig. 11c. The treatment begins by 
heating the material to a temperature below the beta transus temperature, thereby 
increasing the overall fraction of beta phase in the material. At this point, the 
material can be furnace cooled to create more equiaxed alpha grains (i.e., 
globularization) or quenched to produce a bimodal microstructure. Aging at 
moderate temperatures can induce the formation of coherent ordered alpha (α2) 
particles, which can improve the overall strength of the material.16 
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Fig. 11 Thermal treatments used throughout this project. a) THRM processed used to refine 
microstructure in bulk, fully consolidated Ti alloy components. THRM was used to improve 
the microstructure of conventionally sintered MEAM components. b) Debind and HSPT 
treatment for sintering and refining microstructure of fully sintered MEAM components.  
c) Optional heat treatment used for creating globularized and bimodal microstructures in 
wrought processed Ti.18  

6. Recommendations 

There are two areas that can be further studied and improved: 1) minimizing density 
by investigating the effects of powder packing and 2) maximizing the final strength 
by modifying the THRM profile. 
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The densities of the THRM parts were all above 98% of the relative density, but 
there is still some porosity that could lead to premature part failures, especially for 
large pores that could lead to significant stress concentrations. One way to minimize 
these porosities is to investigate and optimize the properties of the powder 
feedstocks. A wide range of powder sizes is desirable so that smaller particles can 
pack into the interstices of the larger particles. This, combined with normalized 
spherical power shapes, would allow for better green part densities, which will lead 
to a higher density in the final sintered parts. Overall, this recommendation will 
lead the parts to have a higher ductility.  

Further exploration of the process could also be performed to better understand the 
relationship between the variables of THRM time and temperature on the 
refinement of the microstructure. The way this microstructure forms will greatly 
affect the mechanical properties of the produced parts. Another set of experiments 
could determine if there is any relationship between how the part is 
dehydrogenated, the time and temperatures, and the mechanical properties of the 
part, especially to determine if there are any annealing effects that are weakening 
the parts. A better understanding of the initial feedstock powder and treatment 
profiles will allow for further optimization of this designed AM process.  

These steps have a strong potential for improving the mechanical properties of the 
parts, ensuring higher consistency in surpassing the requirements of AMS4999.1 
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List of Symbols, Abbreviations, and Acronyms 

3-D three-dimensional 

Al aluminum 

AM additive manufacturing  

AR  as-received  

ARL Army Research Laboratory 

ASTM American Society for Testing and Materials 

BJAM  binder jetting additive manufacturing  

CIP  cold isostatic press  

DEVCOM US Army Combat Capabilities Development Command 

DIC  digital image correlation  

EDM  electron discharge machining  

EDS  energy-dispersive X-ray spectroscopy  

HSPT  hydrogen sintering and phase transformation  

MEAM  metal extrusion additive manufacturing  

SEM scanning electron microscopy 

SLM  selective laser melting  

THRM  thermohydrogen refinement of microstructure 

Ti titanium 

UTS ultimate tensile strength 

V vanadium 

VS  vacuum sintering  
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