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TECHNICAL MEMORANDUM

SEGREGATION EVOLUTION AND DIFFUSION 
OF TITANIUM IN DIRECTED ENERGY DEPOSITED NASA HR-1

1.  INTRODUCTION

 NASA HR-1 is a high-strength iron-nickel (Fe-Ni) superalloy designed to resist high pres-
sure, hydrogen environment embrittlement, oxidation, and corrosion. NASA HR-1 was originally 
developed at NASA in the 1990s and derived from JBK-75 to increase strength and ductility in 
high-pressure hydrogen environments. The NASA HR-1 chemistry was formulated to meet require-
ments for liquid rocket engine (LRE) applications, specifically components used in a high-pressure 
hydrogen environment. LRE components provide extreme and challenging environments for 
materials throughout engine operation. Component structures used in LREs can require very thin 
walls—in regeneratively-cooled nozzles, for instance—that provide challenges with thermal and 
structural loads. Additionally, combining the environment with liquid and gaseous hydrogen pro-
pellant with the thermal and structural loads provide an even more complex challenge. For these 
applications, materials must be designed to resist hydrogen environment embrittlement (HEE). 
Furthermore, these components have key requirements to consider for materials selection, includ-
ing thermal conductivity, low cycle fatigue (LCF), yield strength, and elongation.

 While a few materials are available to meet these requirements, there are trades that must be 
made amongst the various properties during operation, which could make the design heavier than 
necessary or lead to premature failure due to low margins. Aerospace structural alloys that encoun-
ter gaseous hydrogen in operation (for example, hot gas manifolds in a rocket engine and hotwall 
of a rocket nozzle) require adequate resistance to HEE in addition to good strength and oxidation/
corrosion resistance. Austenitic stainless steels (such as 304, 310, and 316) are hydrogen resistant 
but have low yield strength (around 276 MPa). Iron-base superalloys that are derived from austen-
itic stainless steels (such as A-286, and JBK-75) have adequate resistance to HEE, corrosion, and 
oxidation but lack high strength. In consideration of these problems, NASA HR-1 was specifically 
developed1 as a higher strength structural alloy that has combined virtues of HEE, oxidation, and 
corrosion resistance.  

 When NASA HR-1 was being designed, it was evident that hydrogen-resistant iron-base 
superalloys, such as A-286, JBK-75,2 have γ-matrix compositions evolving from hydrogen-resistant 
stainless steels (single γ-phase materials). The alloy development was approached by formulating 
a hydrogen-resistant γ-matrix that resembles JBK-75 along with increasing ′γ  volume fraction and 
strengthening γ-matrix. The matrix phase, γ, is a solid solution of iron, nickel, cobalt (Co), chro-
mium (Cr), molybdenum (Mo), tungsten (W), and vanadium (V); whereas the precipitate phase ′γ  
is composed of hardening elements titanium (Ti) and aluminum (Al). Another precipitate phase 
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was observed in the microstructure, nickel titanium (3:1), also known as (Ni3Ti) or η-phase. This 
η-phase is a titanium-rich acicular precipitate that forms along grain boundaries under certain 
heat-treated conditions, and it forms within the grains after prolonged exposure to elevated temper-
atures. Using the hydrogen-resistant γ-matrix as a foundation, the rationale for the alloy chemistry 
for NASA HR-1 follows the subsequent criteria:

•  The iron:nickel ratio was varied to improve solid solubility and to identify HEE-resistant 
compositional ranges. Higher nickel can reduce solidification and HAZ cracking susceptibility.1,3

•  Volume fraction of γʹ was increased by adding more titanium and aluminum for higher strength 
without super-saturating of the γ-matrix by requiring more nickel and/or cobalt to avoid 
detrimental η-phase.4,5

•  Cobalt was added to reduce Md value so that the iron:nickel ratio can be kept close to that 
 of JBK-75.

•  Tungsten  was added to strengthen the γ-matrix and to retard η precipitation in the grain 
boundaries.6,7

•  Molybdenum content was increased to 2.0% to strengthen the γ-matrix and to reduce 
solidification and HAZ cracking susceptibility.1,3

•  Chromium content was kept at 14.0%–16.0% to preserve corrosion/oxidation resistance. 
Tungsten was kept at the same level as JBK-75 to improve resistance to notch effect and hot 
formability.

 Phase computation (PHACOMP) analysis was used for NASA HR-1 development to evalu-
ate the phase stability of the experimental alloy.8 This concept was devised based on molecular 
orbital calculation (the discrete variational (DX)-Xα cluster method) for transition-metal-based 
alloys. The primary parameter used is the d-orbital energy level (Md) of alloying transition metal 
elements. The d-orbital energy above the Fermi energy level for the transition metals, denoted by 
Md, has been used to estimate the solubility limit of the terminal solid solution in transition-metal-
based alloys.8–10 The PHACOMP-value Md for NASA HR-1 was kept close to that of JBK-75 to 
maintain γ-matrix stability and minimize η precipitation. 

 NASA HR-1 is potentially an enabling material for use in high-pressure, high-temperature, 
hydrogen-based LRE components. However, the existing vacuum induction melting/vacuum arc 
remelting (VIM/VAR) processes and supply chain would not support cost trades, and alternate 
fabrication methods would have to be explored. Additive manufacturing technologies provided a 
critical method for affordable fabrication of NASA HR-1 and a simplified powder and fabrication 
supply chain. NASA started exploring alternate AM technology as part of the Marshall Space 
Flight Center (MSFC) Liquid Engines Office (LEO) Technology Development for RS-25 product 
improvement and under the Rapid Analysis and Manufacturing Propulsion Technology (RAMPT) 
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project using the NASA HR-1 material for channel wall nozzles and potentially other LRE compo-
nents. For many of these applications, laser powder directed energy deposition (LP-DED) is being 
explored to build these components due to the scale of the components being developed.

 Additive manufacturing (AM) technologies have enabled NASA HR-1 to become a 
cost-effective alloy by simplifying the material and fabrication supply chain. The LP-DED process 
can form near-net shape blanks, final-shape components, and integral channels and features within 
components.  This special DED process provides the ability to significantly reduce part count and 
eliminate many of the process steps typically required for forming the liner, channel slotting, and 
closing out the coolant channels for nozzles.11 This alternative DED technology is very attractive 
for these reasons but at a lower technology readiness level (TRL). NASA’s goal was to evaluate the 
LP-DED technology and mature the process for integral channel wall nozzles, material character-
ization and properties, and complete hot fire testing in relevant environments.

 The LP-DED process is being studied for several applications of regeneratively-cooled 
nozzles. This includes forming near-final shape components such as liners, manifolds, and an 
integrated-channel configuration to minimize part count. A significant advantage of the DED 
processes is the ability to adapt to a robotic or Gantry CNC system with a localized purge or 
purge chamber, allowing unlimited build volume. Much of the current focus of the DED is being 
explored to form the entire channel wall nozzle with integral coolant channels within a single AM 
build. This relies on the DED-fabrication of complex and thin-walled features. Characterization of 
the material properties produced with this technique is required in order to evolve this process.12 

 The LP-DED fabrication technique uses a coaxial nozzle with a central laser source and 
powder injected (or blown) into the laser focus. The melt pool is created by the coaxial laser energy 
source causing a weld bead to be deposited. The powder is accelerated, or blown, into the melt pool 
using an inert carrier gas to allow for minimal or reduced oxidation in the high temperature depos-
ited/weld. This head system, with integrated focus optics and blown powder nozzle(s), is attached 
to a robot or gantry system that controls a toolpath defined by the CAD model. The blown powder 
head can be contained in an inert gas chamber or operated with a local purge. The blown powder 
system and robot allows complex freeform structures to be built with small integral features, such 
as thin-walls and channels. Various optics can be used to vary the laser spot size and consequently 
the melt pool width, which control the size of features that can be built. A picture of the process 
can be seen in Figure 1. Prior publications have delved into the design details of the DED process 
for nozzles and other components.12–15
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Direction of
Travel
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Figure 1.  Overview of LP-DED Process.

 The DED processed materials require several post-processing heat treatment steps in order 
to attain the materials properties that are desirable for the application. These steps often include  
a stress relief  (SR), homogenization (HOM) or hot isostatic press (HIP), solution anneal (SA), 
and aging treatment for precipitation hardened alloys.16 An effective stress relief  mitigates residual 
stresses built up in the part during the DED process and minimizes the potential distortions before 
further post-processing. The second step, homogenization or HIP, is a common treatment for 
AM materials to reduce elemental segregation and promote recrystallization to achieve a more 
uniform equiaxed grain structure in the material. The third step, solution anneal, brings the part 
to a solid solution temperature to dissolve undesirable η-phase, which forms during cooling from 
homogenization treatment and then rapidly cooled to below 1200 F° to maintain η-phase free solid 
solution. Finally, the aging treatment promotes the precipitation of the strengthening phase in the 
alloy, the γʹ phase for NASA HR-1.1

 The as-deposited DED NASA HR-1 (revision 2 composition) has a high degree of titanium 
segregation in the interdendritic regions. Titanium segregation promotes precipitation of η-phase 
(Ni3Ti) at grain boundaries that is detrimental to tensile ductility, LCF life, and resistance to 
hydrogen environment embrittlement. In order to achieve the optimum properties, as-built DED 
structures must be homogenized to reduce elemental segregations. The grain size is driven by 
the heating and solidification rates of the material during the deposit process, which is affected 
by several factors in LP-DED  including part geometry, pass overlap, spot size, power, travel 
speed, powder feed rate, etc.17 Due to the presence of high internal stresses in the DED materials, 
homogenization is accompanied by recrystallization and grain growth. Therefore, titanium 
segregation migrates from the interdendritic regions (in as-built DED material) to grain boundaries 
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after homogenization treatment. Thus, for DED NASA HR-1, the degree of homogenization is 
connected with the size of grains instead of the dendrite arm spacing in the as-built structure. 
Segregation of titanium in single-pass DED NASA HR-1 is extremely difficult to control because 
grain size varies considerably from zone to zone, and many large grains (>100 µm) are present 
after homogenization treatment. Therefore, it is of great importance to understand the segregation 
evolution and diffusion behavior of titanium so that appropriate heat treatment can be developed 
to mitigate titanium segregation.

 In this Technical Memorandum, titanium segregation evolution during DED process and 
after high-temperature homogenization in DED NASA HR-1 was investigated. Homogenization 
kinetic analysis was performed to see how the homogenization treatment parameters should be 
adjusted to minimize the negative effects of severe titanium segregation. An analytical evaluation 
of homogenization for DED NASA HR-1 with different grain sizes was performed. A basic 
model for titanium diffusion in NASA HR-1 has been developed, which can project concentration 
distribution of titanium between grain boundaries as a function of homogenization temperature, 
duration, and grain size. The results of the homogenization kinetic analysis provide a valuable 
reference on how the homogenization treatment should be adjusted for DED NASA HR-1 (with 
large-grained structure) to reduce titanium segregation to a very low level.   
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2.  EXPERIMENTAL PROCEDURES AND METHODS

2.1  Material and Directed Energy Depositing Process

 The material used for the present study was as-built single-pass DED NASA HR-1 panels 
furnished by RPM Innovations (RPMI). The single-pass DED panels were deposited with a thick-
ness of approximately 3.175 mm (1070 W) for thick panels and 1 mm (350 Watts laser) for the thin 
panels. The DED process was conducted with a single pass per layer that are parallel to the previ-
ous layer. The feedstock NASA HR-1 powder used for the DED process was a pre-alloyed, gas-
atomized powder supplied by Praxair (FE-419-C62 Lot 1) using vacuum or inert induction melting 
gas atomization in argon (Ar). NASA HR-1 powder is primarily spherical in shape, free of signifi-
cant satellite particles, and has a smooth surface. The powder size distribution is between 44 and 
105 μm (–140 mesh/+325 mesh). The nominal and measured (by ICP) chemical composition (wt%) 
of NASA HR-1 powder is given in Table 1. The single-pass DED panel used in this study is shown 
in Figure 2. 

Table 1.  Nominal and measured chemical composition (wt%) of NASA HR-1 powder.

Alloy Fe Ni Cr Mo V W Co Ti Al
NASA HR-1 powder (nominal, Rev 2) 39.80 34.00 15.50 2.20 0.32 2.10 3.30 2.50 0.25
NASA HR-1 powder (measured, Rev 2) 40.47 34.19 14.59 2.30 0.35 1.78 3.48 2.53 0.31

Figure 2.  The single-pass LP-DED NASA HR-1 witness panel (left) 
used for materials characterization in this study.
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2.2  Heat Treatment

 After the deposition process, parts require several post-processing heat treatment steps to 
attain the materials properties that are desirable for the application. For DED NASA HR-1 parts, 
these steps include a stress relief, homogenization or HIP, solution anneal, and aging treatment. 
The initial as-built samples received stress-relief  treatment at 1800 °F/1.5hr. After stress relief, the 
samples were initially subjected to a homogenization treatment at 2125 °F/3hr in a vacuum furnace. 
At the end of homogenization treatment, the samples were argon quenched to minimize η-phase 
precipitation. Then the samples were solution annealed at 1800 °F/1hr (followed by direct water 
quenching) and then aged at 1325 °F/16hr to complete the heat treatment process. 

2.3  Metallography

 Samples of DED NASA HR-1 were metallurgically characterized after every stage of 
heat treatment. Specimens were sectioned, mounted, ground, and polished using standard metal-
lographic procedures with a series of 220–2,000 grit paper and 3-µm diamond suspension to 
0.05-µm alumina pads. Chemical etching was conducted with waterless Kalling’s reagent immersed 
for 5–10 s. Microstructures of as-deposited and heat-treated NASA HR-1 were examined via 
optical (Leica DMi8 A) and scanning electron microscopy (SEM) (Hitachi S-3700N) equipped 
with an energy-dispersive X-ray spectroscopy (EDS) detector (Oxford Instruments X-maxN 80). 
High-resolution optical montage images were taken to document the microstructure for the entire 
sample. Elemental analysis was conducted using EDS line scans across the edge of the specimen at 
15 kV and 0.5 µm between spectra. 

2.4  Analysis of Titanium Segregation

 Investigation of titanium segregation was carried out using an EDS detector attached to an 
SEM. For as-deposited samples, EDS line scans were performed across the solidification structure, 
which has a minimum distance of 250 µm to reveal the concentration profile of titanium. For heat-
treated samples, the EDS line scans must be greater than 250 µm and across at least one grain (two 
grain boundaries) to see the fluctuation of titanium concentration between grain boundaries and 
grain interior. In order to analyze the homogenization process in theory, homogenization kinetic 
calculations were performed to determine the titanium concentration distribution between grain 
boundaries as a function of homogenization temperature, time, and grain size. 
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3.  RESULTS AND DISCUSSIONS

3.1  As-Built Microstructure

 A representative vertical cross section macrostructure of an as-built DED panel is shown 
in Figure 3. This panel, approximately 3.175 mm thick, was deposited with single passes (1070 W) 
per layer that are parallel to the previous layer. The melt pool boundary is readily apparent in the 
as-built material. The columnar dendrites, which are common in high-energy AM processes, are 
shown in greater detail in Figure 3(b). In the high-energy process and rapid cooling system, the 
growing grains (and dendrites) align themselves with the sharp temperature gradients and result 
in columnar structure morphology.18 The dendrites exhibit a pattern of formation from the outer 
perimeter of the melt pool toward a central point in single-pass DED NASA HR-1. The large tem-
perature gradient provides suitable conditions for epitaxial dendrite (grain) growth as evidenced by 
the dendrites in the new layers are formed with the same orientation as the previous layers through 
several melt pools. The dendrites are somewhat randomly oriented near the melt pool periphery 
(toward the panel outer surface) likely due to the complex temperature gradient from the melt pool 
to the surrounding material. Closeup view of the dendritic structure in the as-built single-pass 
DED NASA HR-1 is shown in Figure 4. The size of dendrite cell is very small, and the primary 
dendrite arm spacing is in most cases smaller than 25 µm. Solute rejection of alloying elements to 
the interdendritic regions on solidification leads to the preferential attack upon etching. As a result, 
the existence of titanium segregation is revealed as the dark spots in the interdendritic regions. 

(a)

(b)

Figure 3.  Optical micrographs: (a) showing the representative cross section microstructure 
of as-built DED NASA HR-1; (b) a closeup, more detailed image from the yellow 
box seen in (a). This single-pass DED panel was deposited with a thickness of 
approximately 3.175 mm (1070 Watts laser). The build direction is vertically upward.
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Figure 4.  Closeup view of the dendritic structure in the as-built 
single-pass DED NASA HR-1.

 The main element composition distribution across the columnar dendrites was determined 
by EDS. Figure 5 shows an example of titanium segregation in an as-built, 3.175-mm-thick, single-
pass DED NASA HR-1 panel where the titanium distribution profile was revealed through the use 
of EDS line scans. A large variation in titanium concentration, the major hardening element, can 
be clearly seen over a 250 µm distance. The nominal 2.5 wt% titanium varies considerably between 
a minimum of 0.6% to a maximum of about 17%. Titanium concentration exceeds 7% in at least 
seven spots. A closeup view for titanium concentration up to 8% (Figure 5(b)) reveals that tita-
nium concentration fluctuates intensely between 0.3%–5% in most areas. Similar highly fluctuating 
titanium concentration profile was also present in an as-built 1-mm-thick, single-pass DED NASA 
HR-1 panel, as shown in Figure 6. 
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Figure 5.  (a) An EDS line scan showing titanium concentration profile over a 250-µm 
distance in an as-built 3.175-mm-thick single-pass DED NASA HR-1 panel 
and (b) closeup view up to 8% reveals that titanium concentration fluctuates 
intensely between 0.3%–5% in most areas. 
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Figure 6.  (a) An EDS line scan showing titanium concentration profile over a 1200-µm  
distance in an as-built 1-mm-thick single-pass DED NASA HR-1 panel  
and (b) closeup view up to 8% reveals that titanium concentration fluctuates 
intensely between 0.1% –5% in most areas.  

3.2  Microstructure Evolution After Stress Relief and Homogenization/Hot Isostatic Pressing

 Figure 7 illustrates the microstructures of single-pass DED NASA HR-1 after three 
different stress relief  treatments. The sample that received stress relief  treatment at 1700 °F 
exhibits dominant dendritic structure similar to that of the as-built material. The dendritic 
morphologies were significantly weakened with increasing the stress relief  temperature. Significant 
microstructure changes occurred when the stress relief  temperature rose to 1800 °F. The dendritic 
structure has almost vanished, and early stage of recrystallization has occurred after being treated 
at 1800 °F/1.5hr. Stress relief  at 1900 °F/1.5hr led to a slightly higher degree of recrystallization, 
but the grain structure remains very heterogeneous (see Figure 7(c) and 7(d)). During the DED 
process, the rapid heating and cooling of the melt pools along with the molten metal volume 
change upon solidification result in the residual stress buildup in the parts. The driving force for 
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recrystallization is the residual stress from the AM process.19,21 It is apparent that the residual 
stress for single-pass DED NASA HR-1 is quite high, and partial recrystallization occurs when the 
stress relief  temperature is higher than 1800 °F.

(d)

(a) (b)

(c)

200 μm 200 μm

200 μm 200 μm

Figure 7.  Effects of stress relief  temperature on microstructure evolution for single-pass 
DED NASA HR-1. The stress relief  conditions are (a) as-built, (b) 1700 °F/1.5hr, 
(c) 1800 °F/1.5hr, and (d) 1900 °F/1.5hr.

 After stress relief  at 1800 °F/1.5hr, the panel samples were subjected to a homogenization 
cycle of 2125 °F/3hr. It is obvious that a high degree of recrystallization and grain growth had 
taken place after the homogenization treatment as shown in Figure 8(a). The average grain size is 
quite large, and many grains in the material are larger than 250 µm in diameter. The large grain 
structure can be attributed to the large melt pool dimensions in these single-pass DED samples. It 
is worth noting that the homogenized sample displays smaller grains near the surface and larger 
grains toward the center regions. The uneven grain size distribution can be attributed to faster melt 
pool cooling rate at the part periphery than in the part center during the DED process. Upon the 
completion of the homogenization treatment, the samples were cooled rapidly through the argon 
quench method, and the microstructure appears free of η-phase (Figure 8(a)). When the samples 
were subjected to a HIP cycle at an elevated temperature, abundant η-phase developed at grain 
boundaries as shown in Figure 8(b). It is worth noting that titanium segregation has migrated 
from the interdendritic regions in the as-built DED panels to grain boundaries after HIP due to 
recrystallization and grain growth. The precipitation of η-phase is very sensitive to the cooling 
rates. At the end of the HIP cycle, the parts have to be cooled down slowly in furnace in order to 
allow gradual reduction in chamber pressure and temperature. As a result, η-phase formed at grain 
boundaries when the material cools slowly through the η-phase forming temperature range of 
1750–1350 °F.22 
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(a)

(b)

Figure 8.  Macrostructure of 3.175-mm-thick single-pass DED NASA HR-1 after  
(a) homogenization at 2125 °F/3hr and (b) HIP at an elevated temperature.

 Figure 9 shows titanium concentration profile over a 750-µm distance in a homogenized 
1-mm-thick single-pass DED NASA HR-1 panel. It is apparent that titanium segregation in DED 
NASA HR-1 has been reduced by the homogenization treatment. A closeup view for titanium 
concentration up to 4% (Figure 5(b)) reveals that the fluctuation of titanium concentration has 
been reduced from 0.3%–8% (in the as-build condition) to 1.5%–3.5% after homogenization; but in 
many areas, titanium concentration is still significantly higher than the nominal 2.5 wt%. High tita-
nium segregation at grain boundaries is not normally seen in wrought NASA HR-1. The difference 
in grain-boundary titanium segregation between wrought and DED NASA HR-1 can be attrib-
uted to the difference in the solidification rates between DED and conventional casting processes. 
Comparing to the DED process, the casting process has much slower cooling (solidification) rate 
that allows for prolonged cooling times for the castings, permitting the slow-to-diffuse elements 
(such as titanium) to disperse more homogeneously. In addition, NASA HR-1 castings usually 
receive homogenization treatment at elevated temperatures for 24 hr, which is significantly longer 
than the current homogenization treatment of only 3 hr at 2125 °F for DED NASA HR-1. Thus, 
the slow cooling during the casting process coupled with extended homogenization treatment for 
cast NASA HR-1 drastically reduces titanium segregation at grain boundary and the propensity to 
form the detrimental η-phase after heat treatment. 
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Figure 9.  (a) An EDS line scan showing titanium concentration profile over a 750-µm 
distance in a homogenized 1-mm-thick single-pass DED NASA HR-1 panel 
and (b) closeup view up to 4%, which reveals that titanium concentration 
fluctuates moderately between 1.5%–3.5% in most areas.

3.3  Precipitation Of Grain Boundary η-Phase After Aging Treatment

 After the homogenization treatment, the samples were solution annealed at 1800 °F/1hr, fol-
lowed by direct water quenching. Then, the samples were aged at 1325 °F/16hr to complete the heat 
treatment for DED NASA HR-1. As shown in Figure 10(a), the microstructure appears η-phase-
free after solution treatment as the parts were cooled rapidly from 1800 °F to ambient temperature 
(by forced air cooling or quenching in water) to maintain η-phase free solid solution. However, 
η-phase precipitated at grain boundaries after the standard aging treatment at 1325 °F/16hr as 
shown in Figure 10(b). It is postulated that dissolution of η-phase has taken place at 1800 °F, but 
titanium concentration at grain boundaries remained quite high. As a result, copious η-phase was 
present along the grain boundaries after aging at 1325 °F/16hr. 
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(a)

(b)

Figure 10.  Macrostructure of 3.175-mm-thick single-pass DED NASA HR-1 after  
(a) solution treatment at 1800 °F/1hr, and (b) aging treatment at 1325 °F/16hr.

 Closeup views of η-phase at grain boundaries in single-pass DED NASA HR-1 (3.175 mm) 
panel is given in Figure 11. The η-phase in the 3.175-mm-thick DED panel has primarily formed 
near the edges where the difference in grain size was observed, but it was seen to a lesser degree 
in the middle of panel sample after aging. However, grain-boundary η-phase is more evenly dis-
tributed through thickness in a thin single-pass (1 mm thick) DED NASA HR-1 panel after the 
same aging treatment at 1325 °F/16hr (see Figure 12). It is not readily known as to what causes the 
uneven grain-boundary η-phase distribution in the 3.175 mm single-pass DED panel. SEM exami-
nation was performed for the 3.175-mm-thick DED panel sample to see if  smaller η-phase is pres-
ent at grain boundaries in the middle of panel sample.
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Figure 11.  Closeup views of η-phase at grain boundaries in a DED NASA HR-1  
single-pass panel after being aged at 1325 °F/16hr.

Figure 12.  Grain-boundary η-phase is more evenly distributed through thickness in  
a thin single-pass DED NASA HR-1 panel (1 mm thick) after being aged 
at 1325 °F/16hr.

 Grain boundary titanium concentration was analyzed using SEM-EDS to measure the 
degree of grain-boundary titanium segregation for the aged samples. As shown in Figure 13, tita-
nium segregation in the aged single-pass DED NASA HR-1 is still quite high. A large variation 
in titanium concentration can be clearly seen over a 250 µm distance. Titanium concentration 
exceeds 8% in at least three spots. A closeup view for titanium concentration up to 8% (see Figure 
13(b)) reveals that in most areas, the fluctuation of titanium concentration has been reduced from 
0.3%–8% (in the as-build condition) to 0.6%–4% after aging. Although titanium segregation is 
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significantly reduced by the homogenization treatment and solution anneal, titanium concentration 
is still too high to prevent precipitation of η-phase at grain boundaries. There is a need to perform 
additional analyses to see how the homogenization process should be adjusted to mitigate titanium 
segregation in single-pass DED NASA HR-1.
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Figure 13.  (a) An EDS line scan showing the typical titanium concentration profile over  
a 250-µm distance in aged DED NASA HR-1 and (b) closeup view for titanium 
concentration up to 8% reveals that titanium concentration fluctuates between 
0.6% to 4% in most areas. 
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3.4  Mitigating Titanium Segregation Through Homogenization Kinetic Analysis

3.4.1  Determination of the Temperature Dependent Titanium Diffusivity 

 The presence of grain-boundary η-phase in fully heat-treated DED NASA HR-1 is a 
serious concern, as η-phase is brittle and has a negative impact on tensile ductility, LCF life, and 
HEE resistance. The segregation of titanium can be reduced by homogenization treatment at 2125 
°F/3hr, but titanium concentration remains high in many localized areas. In order to further reduce 
titanium segregation at grain boundaries, there is a need to adjust the current homogenization 
treatment for DED NASA HR-1. Because of recrystallization of the as-built dendritic structure 
after homogenization, the degree of homogenization is connected with the grain size and titanium 
diffusion from grain boundaries to the grain center regions. Grain size in homogenized single-
pass DED NASA HR-1 varies considerably from zone to zone, larger in the center and smaller 
in the periphery. As a result, the structure may have become homogeneous in the zones with finer 
grains, but titanium concentration may still be quite high in the boundaries of larger grains. The 
homogenization process will have to be conducted at higher temperatures or longer times to further 
reduce titanium segregation. However, the use of higher homogenization temperatures and/or 
longer times may lead to undesirable grain growth and serious surface oxidation. Therefore, the 
temperature and time of the homogenization process must be optimized to obtain an acceptable 
microstructure. 

 The homogenization process is mainly controlled by the atomic diffusion process. The solute 
atoms diffuse from a higher concentration at the grain boundaries to the lower concentration grain 
interior. The ideal homogenization process comes to an end when the solute concentration becomes 
uniform. However, it is difficult to determine the time required at the chosen homogenization 
temperature when the size of the grains varies considerably in the material. To predict the concen-
tration of titanium atoms between the grain boundaries as a function of grain size, the diffusion 
coefficient (D) must be known. Diffusion coefficient is the measure of mobility of diffusing species. 
The diffusion coefficient in solids at different temperatures is generally found to be well predicted 
by the equation shown below.23 The temperature dependence of the diffusion coefficient, D is given 
as: 

 D = Do exp − Q
RT

⎛
⎝⎜

⎞
⎠⎟   , (1)

where 

 Do = diffusion constant (m2/s)
 Q = diffusion activation energy (J/mole)
 R = gas constant (8.31 J/mole-K)
 T = thermodynamic temperature (K). 
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Solute diffusion coefficients of titanium in nickel have been reported in a comprehensive first-
principles study24 and are shown in the blue line in Figure 14. The diffusion coefficients for 
titanium in JBK-7523 were calculated using the diffusion constant (Do) and activation energy (Q) 
for of titanium in γ-iron (FCC structure) and the results are also given in Figure 14 (orange line). 
The dotted orange lines were drawn by extrapolating from the calculated diffusion coefficients in 
γ-iron. Equation (1) can be rewritten as:

 lnD = lnDo −
Q
R

1
T

⎛
⎝⎜

⎞
⎠⎟  

or

 logD = logDo −
Q

2.3R
1
T

⎛
⎝⎜

⎞
⎠⎟   . 

Plotting logD versus 1/T yields a straight line, for which the slope is equal to –Q/2.3R, and the 
activation energy Q and Do can be estimated by plotting logD versus 1/T. Such plot is called an 
Arrhenius plot.25 

 As shown in Figure 14, the diffusion coefficients calculated directly from the first principles 
for titanium in nickel are in close agreement with those calculated using the measured diffusion 
constant and activation energy for titanium in γ-iron. At 2156 °F, the calculated titanium diffusion 
coefficient in γ-iron agrees very well with the experimentally measured titanium segregation for 
JBK-75.23 The calculated titanium diffusion coefficients in γ-iron (for JBK-75) is given in Table 2. 
The diffusion data for titanium in NASA HR-1 is not available. Because the chemical composition 
of NASA HR-1 is close to that of JBK-75, it was decided that the calculated titanium diffusion 
coefficients for JBK-75 would be used for the homogenization kinetics analysis for DED NASA 
HR-1.
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Figure 14.  Diffusion coefficient (also called diffusivity) as a function of the reciprocal 
of temperature for titanium in nickel calculated using the first-principles 
(blue line)24 and titanium in γ-iron (orange line).23 Graph of logD versus 
1/T has a slope of –Q/2.3R.25

Table 2. Calculated diffusivity for Ti in Ni and Ti in JBK-75 (in γ-iron).

Temperature (F°) Temperature (K) 1,000/T Diffusivity (Ti in Ni) Diffusivity (Ti in JBK-75)
3140 1999.87 0.500 8E–12 1.12E–11
2300 1533.20 0.652 3.5E–14 4.9E–14
2275 1491.53 0.670 1.7E–14 2.38E–14
2175 1463.76 0.683 1.2E–14 1.68E–14
2156 1453.20 0.688 1E–14 1.4E–14
2125 1435.98 0.696 7.9E–15 1.106E–14
2075 1408.20 0.710 4.9E–15 6.86E–15
2025 1380.42 0.724 2.9E–15 4.06E–15
1950 1338.76 0.747 1.3E–15 1.82E–15
1800 1255.42 0.797 2.3E–16 3.22E–16
1325 991.53 1.009 1.6E–19 2.24E–19
1200 922.09 1.084 1.10E–20 1.54E–20

3.4.2  Homogenization Kinetic Analysis 

 Homogenization kinetics analysis was performed to seek a more suitable homogenization 
treatment for single-pass DED NASA HR-1 that has very large grain size. The quantitative knowl-
edge on the degree of Ti-segregation in the as-built and fully heat treated materials will help the 
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engineering team to determine how the standard homogenization treatment should be adjusted for 
single-pass DED NASA HR-1 material to minimize titanium segregation and η-phase precipitation  
at grain boundaries.

 Simple assumptions can be made to establish a theoretical relationship between the tempera-
ture and the time required for reaching a specified homogeneous state. The temperature for homog-
enization for AM NASA HR-1 is traditionally chosen at 2125 °F. A model for titanium diffusion 
has been developed to project the effects of varying the homogenization parameters on titanium 
distribution.23,26,27 The distribution of the titanium element is assumed to vary as sinusoidal dis-
tribution. A homogenization equation that is deduced from Fick’s second law can be expressed as 
follows:  

 C X,t( )  =  Cm +  CA cos exp
Dt 2

LL 2  
x

  ,  (2)

where

 C (X,t) = titanium concentration
 X = position (distance)
 t = diffusion time 
 Cm = mean titanium concentration (after complete homogenization)
 CA = initial amplitude of titanium segregation
 L = half  wavelength of titanium concentration (horizontal distance  
   between the highest and lowest concentration points of titanium) 
 D = diffusion coefficient of titanium in the matrix. 

The titanium diffusion coefficient (D) in γ-iron was used to solve Equation 2. During the homog-
enization treatment, titanium atoms diffuse from the region of higher concentration (grain bound-
aries) to the region of lower concentration (grain center). Amplitude of titanium concentration 
variation at time t, is gradually decreased; but the grain size would not be changed. Therefore, the 
distribution of the titanium element across the grain boundaries and grain center varies periodically 
according to the variation law during the homogenization process. 

 Figure 15 shows the model predicted concentration distribution of titanium during the 
homogenization process when CA = 4.5% and the average grain size is (a) 40 µm (L = 20 µm) and 
(b) 100 µm (L = 50 µm). As shown in figure 15, the amplitude of CA of  a sinusoidal initial distribu-
tion decays exponentially in time, and the rate depends on grain size. For grain size of 40 µm, the 
residual titanium segregation is reduced to 23% of CA after homogenization at 2125 °F for 1.5 hr 
and to 8.7% of CA after 2.5 hr. In contrast, when grain size is larger (100 µm), it needs 4 and 12 hr 
to reduce the residual titanium segregation to 53% and 16% of CA, respectively. The degree of 
homogenization is judged by the values of residual titanium segregation. Therefore, it is evident 
that the standard homogenization at 2125 °F/3hr is adequate for treating DED NASA HR-1 with 
smaller grained structure (≤40 µm) but unsuitable for treating DED NASA HR-1 that has many 
large grains (≥100 µm). 
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Figure 15. Titanium concentration distribution during homogenization as a function 
of homogenization time at 2125 °F, assuming CA = 4.5% (Max titanium: 7%) 
and average grain size is (a) 40 µm (L = 20 µm) and (b) 100 µm (L = 50 µm).

 The data obtained from Figure 15 indicates that the regime for homogenization should be 
chosen with allowance for the variation of grain size in DED NASA HR-1. For grains larger than 
50 µm in diameter, higher temperature or longer duration should be considered in order to achieve 
homogeneous structure. However, the use of temperatures higher than 2125 °F or longer durations 
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at 2125 °F may lead to undesirable grain growth and increased surface oxidation. This means that 
the temperature and time of the homogenization process must be optimized to obtain the desirable 
microstructure. The degree of homogenization of an alloy can be judged by the value of residual 
segregation index, δ. When x = L/2 and x = 3L/2, Equation (2) can be transformed into  
Equation (3)27:

 exp
Dt 2

L2=
Cmax Cmin
C0max

C0min

=   , (3)

where

 C0max
 = grain-boundary solute atom concentration (highest concentration) before the start 

of homogenization
 C0min

 = grain-center solute atom concentration (lowest concentration) before the start of 
homogenization.

Cmax and Cmin are the grain-boundary and the grain-center solute atom concentration after 
completion of a homogenization treatment for a duration, t. The time required to reach the desired 
residual segregation index δ (homogeneous level) can be expressed as the following equation 27:

 t =
L2 ln

2D
exp

Q
RTo

  . (4)

 It is significant to note that a two-fold decrease in segregation wavelength (L, half  of the 
grain diameter) would result in a four-fold decrease in the homogenization time (t). The homog-
enization process for DED NASA HR-1 is mainly based on the diffusion of titanium atoms from 
a higher concentration location at the grain boundaries to the lower concentration grain center. 
Figure 16 shows the predicted homogenization kinetics (titanium diffusion) for DED NASA HR-1 
for reaching the residual segregation index (δ) of 0.1 and 0.2. It can be clearly seen that homog-
enization time decreases with an increase of homogenization temperature for the same grain size, 
and small-grained material (lower L values) has a great advantage in achieving homogeneous 
microstructure in shorter time than that in large grained material. The current homogenization 
treatment for DED NASA HR-1 is 2125 °F/3hr. According to the homogenization kinetics curves 
at the target residual segregation index (δ) of 0.1, the combinations of temperature and time are 
2125 °F/5.3hr and 2125 °F /14.8hr for grain size of 60 µm (L = 30 µm) and 100 µm (L = 50 µm), 
respectively. When the target residual segregation index (δ) is increased to 0.2, the homogeniza-
tion times are reduced to 3.7 hr and 10.3 hr for grain size of 60 µm (L = 30 µm) and 100 µm (L = 
50 µm), respectively. Based on the homogenization kinetic analysis, it is apparent that the current 
standard homogenization at 2125 °F/3hr is not adequate for DED NASA HR-1 panels that have 
many grains larger than 100 µm. 
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Figure 16. The predicted homogenization kinetic curves for DED NASA HR-1 for reaching 
the residual segregation index (δ) of (a) 0.1 and (b) 0.2. The homogenization time 
decreases with an increase of the homogenization temperature for the same grain size. 

 Titanium segregation amplitude can be slightly reduced through changes in the stress relief  
(SR) and solution anneal (SA) practice by increasing the temperature to 1950 °F. The effects of pre-
homogenization stress relief  at 1950 °F/3hr and post-homogenization solution anneal at 1950 °F/3hr 
are shown in Figure 17. Assuming CA = 4.5% and average grain size is 80 µm (L = 40 µm), titanium 
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segregation amplitude can be reduced by additional 10% (from 48% to 37.6% CA) by performing 
1950 °F/3hr stress relief  treatment, followed by 2125 F/3hr homogenization treatment  (HOM) 
and 1950 °F/3hr solution anneal (3hr SR + 3hr HOM + 3hr SA) before aging treatment. When the 
homogenization time is extended to 6 hr at 2125 °F, titanium segregation amplitude can be reduced 
by an additional 5% (from 23% to 18% CA), with the same stress relief  and solution anneal before 
and after homogenization (3hr SR + 6hr HOM + 3hr SA). Increasing the homogenization time to 
more than 6 hr may be problematic, as the furnaces will be tied up longer and result in a produc-
tion bottleneck, in addition to the risks of increased surface oxidation and grain growth.  

 Another option to decrease titanium segregation is increasing the homogenization 
temperature to 2175 °F or higher temperatures to shorten the homogenization time; but 
homogenizing at such high temperatures will increase the risks of undesirable grain growth, 
accelerated oxidation of the surface, and potential growth of internal pores. Therefore, 
homogenization at 2175 °F or higher temperatures is not recommended for DED NASA HR-1. 
The homogenization kinetics analysis results obtained in this study will be experimentally verified 
by homogenizing the DED panels at the selected homogenization time to compare the model-
predicted and experimentally measured titanium concentration at grain boundaries. 
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Figure 17. The effects of prehomogenization stress relief  at 1950 °F/3hr (3hr SR) and post-
homogenization solution anneal at 1950 °F/3hr (3hr SA), assuming CA = 4.5% (Max 
titanium: 7%) and average grain size is 80 µm. Titanium segregation amplitude can be 
slightly reduced by increasing the stress relief  and solution anneal temperature and 
time to 1950 °F/3hr.
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3.5  Other Methods to Reduce Titanium Segregation and η-Phase Precipitation

 Based on the homogenization kinetics analysis, the grain size in DED NASA HR-1 plays 
very important role for the choice of homogenization regime because it determines the distance 
passed by titanium element in the diffusion process. Therefore, reducing the grain size 
to shorten the homogenization time at 2125 °F remains a very effective option for DED NASA 
HR-1 to minimize titanium segregation at grain boundaries. The effective methods that can reduce 
titanium segregation and η-phase precipitation are discussed below.  

3.5.1  Grain Size Reduction Through Directed Energy Deposited Parameter Optimization 

 The 3.175-mm- and 1-mm-thick DED panels were deposited with a single pass per layer 
process. The larger melt pool size results in the formation of large columnar grains that grow from 
the outer perimeter of the melt pool toward the center of the melt pool. The columnar grains 
often grow continuously through several melt pools due to epitaxial grain growth. As a result, the 
recrystallized grain size is quite large after homogenization at 2125 °F/3hr. Due to the slower cooling 
rate at the part center (than in the part periphery) during the DED process, the homogenized panel 
has very large grains in the center region. As a result, achieving a homogeneous structure is very 
difficult, and many grains are larger than 250 µm in diameter. The grain size in the multiple-pass 
DED NASA HR-1 is smaller, as the scan pattern between consecutive layers is not parallel, and 
the prior melt pool grain structure is broken up by the subsequent passes so that the grains in the 
new layers do not combine as easily with previous layers to form large columnar grains.28 The 
microstructure of multipass DED NASA HR-1 is shown in Figure 18. It has been demonstrated that 
smaller grained microstructure can be obtained for SLM 718 by increasing the melt pool overlap 
rate to promote recrystallization.21 The possibility of producing 3.175 mm and 1-mm-thick NASA 
HR-1 panels through multipass DED process with an optimized spot size and scan strategy will be 
evaluated in the future. 

(a) (b)

Figure 18.  Multi-pass DED NASA HR-1 (a) as-built microstructure; (b) microstructure after 
homogenization.
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3.5.2  Optimization of Chemical Composition

 Additional methods that can reduce titanium segregation and mitigate η-phase precipita-
tion at grain boundaries for DED NASA HR-1 are (1) modification of chemical composition and 
(2) aging treatment modification. The composition of wrought NASA HR-1 has been modified for 
AM using the PHACOMP method. PHACOMP was developed by Morinaga et al.7–10,29–31 to pre-
dict austenite phase (γ) stability versus topologically closed-pack intermetallic phases (TCP) phase 
formation in nickel-base, cobalt-base and iron-base alloys.30 PHACOMP method has also been 
applied to control the formation of geometrically closed-pack intermetallic phases (GCP), such as 
η-phase, for the development of high-entropy alloys.32 TCP includes σ, χ, and Laves phases, while 
GCP includes η and δ phases.33 PHACOMP uses a parameter, Md, which is an average d-electron 
energy above the Fermi energy level of alloying transition metals, to estimate the solid solubility of 
FCC (face centered cubic) γ-matrix. PHACOMP can determine a critical Md value, above which 
microstructure instability occurs.

 Currently, the threshold Md value that must be kept below to avoid η-phase formation 
for NASA HR-1 is not known. Since η-phase in A-286 and JBK-75 can be kept to a very low 
level after heat treatment, the Md levels of A-286 and JBK-75 are used as the estimated critical 
threshold value for AM NASA HR-1.1 Therefore, the Md value for DED NASA HR-1 was kept 
very close to that of A-286 and JBK-75 to improve the γ-matrix stability. Based on the above 
approaches, the chemical composition for DED NASA HR-1 has been optimized as shown in 
Table 3. The powder composition used for the present study is NASA HR-1 Rev 2 (revision 2). 
NASA HR-1 Rev 3 (revision 3) represents the latest revision that has lower Md value (0.913) than 
that in Rev 2 (0.922) as shown in Table 3. The reduction of titanium content and lower Md value 
in Rev 3 is expected to reduce titanium segregation and decrease the volume fraction of grain-
boundary η-phase. Additionally, minimizing chemical variability among different powder lots will 
avoid the necessity of maintaining extremely tight heat treatment controls and provide the best 
possible DED NASA HR-1 products for LRE program applications.

Table 3. Evolution of optimal formulation for DED NASA HR-1 (wt%).

Alloy Fe Ni Cr Mo V W Co Ti Al Mn Md
Wrought NASA HR-1 38.90 34.10 15.50 2.40 0.30 2.20 3.50 2.80 0.30 – 0.928
 NASA HR-1 Powder Rev 2 39.80 34.00 15.50 2.20 0.32 2.10 3.30 2.50 0.25 – 0.922
NASA HR-1 Powder Rev 3 41.20 34.00 14.60 1.80 0.30 1.60 3.80 2.40 0.25 – 0.913
Wrought A-286 55.20 25.00 15.00 1.30 0.30 – – 2.00 – 1.50 0.912
JBK-75 Powder MSFC 51.13 30.20 14.75 1.25 0.30 – – 2.10 0.25 – 0.910

3.5.3  Aging Treatment Modification

 Aging treatment for NASA HR-1 promotes precipitation of the strengthening γʹ phase 
(Ni3Ti).1 It was recently discovered that the standard single-step aging practice (1325 °F/16hr 
for wrought NASA HR-1) was unable to prevent brittle η-phase (Ni3Ti) precipitation for DED 
NASA HR-1 (Rev 2) due to high magnitude of Ti segregation at grain boundaries. Therefore, it 
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was decided that the aging temperature should be lowered to mitigate η-phase precipitation. But 
lowering the aging temperature would result in 5%–10% reduction in tensile strength. In order to 
offset the strength drop when the material is aged at a lower temperature, the standard single-step 
aging treatment was modified into a two-step aging process. Two-step aging treatment is commonly 
used for age-hardenable superalloys to maximize strength and to develop the best combination of 
short-term tensile and long-term creep properties.34 In γ′ strengthened superalloys, the first aging 
treatment (higher temperature) precipitates secondary γ′ precipitates, and finer secondary or tertiary 
γʹ precipitates during the second-step aging (lower temperature).35,36 

 Two-step aging treatment can vary considerably according to the alloy type and the design 
objectives. For DED NASA HR-1, the first aging step is carried out at a temperature slightly lower 
than 1325 °F to ensure adequate precipitation of γʹ precipitate that is important to prevent a drastic 
strength reduction. The second aging step is conducted at 1200 °F or a lower temperature to offset 
the strength drop (arising from lower aging temperature for the first step) by precipitating finer γʹ 
precipitate. Comparison of gain-boundary η-phase precipitation after aging at 1325 °F/24hr and 
1275 °F/16hr is shown in Figure 19. The volume fraction of grain-boundary η-phase is quite high 
after aging at 1325 °F for 24 hr as shown in Figure 19(a). In contrast, very few isolated η-phase 
was present at grain boundaries after aging at 1275 °F/16hr (Figure 19(b)). The most predominant 
mechanism of η-phase precipitation during aging treatment is γʹ→ η transformation. The two-step 
aging treatment is specifically designed to improve the microstructure stability by retarding the γʹ→ η 
transformation during aging treatment. Thus far, two promising two-step aging treatments, 1275 
°F/16hr + 1200 °F/16hr and “1275 °F/16hr + 1150 °F/16hr, have been selected for further evaluation 
through tensile testing.”37

(a) (b)

Figure 19.  Grain-boundary η-phase precipitation in multi-pass DED NASA HR-1 
after (a) aging at 1325 °F/24hr, (b) aging at 1275 °F/16hr.
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4.  SUMMARY AND CONCLUSIONS

 Segregation evolution of titanium during DED process and after high-temperature 
homogenization in DED NASA HR-1 was thoroughly investigated. The as-built single-pass DED 
NASA HR-1 with wall thicknesses of 3.175 mm and 1 mm is characterized by large melt pools and 
epitaxial dendrite growth through several layers. SEM-EDS analysis found that there is significant 
titanium segregation in the as-built structure. Recrystallization and grain growth occur during 
homogenization treatment and titanium segregation migrates from the interdendritic regions to 
grain boundaries after homogenization treatment. As a result, the grain size in DED NASA HR-1 
plays a very important role for the choice of homogenization regime because it determines the 
distance passed by titanium element in the diffusion process. 

 Segregation of titanium in single-pass DED NASA HR-1 is difficult to control because 
grain size varies considerably after recrystallization, larger in the center and smaller in the 
periphery. The homogenization kinetics analysis indicates the current homogenization treatment 
at 2125 °F/3hr is not adequate to reduce titanium segregation to an acceptable level for single-
pass DED NASA HR-1. Extending the time to 6 hr at 2125 °F can achieve a higher degree of 
homogenization for smaller grains, but it is still unable to reduce titanium segregation to a very low 
level for grains that are larger than 60 µm in diameter.  

 To further reduce titanium segregation in the large grained regions, the homogenization 
process will have to be conducted at higher temperatures or longer holds, but homogenizing 
at temperatures above 2125 °F will increase the risks of undesirable grain growth, accelerated 
oxidation of the surface, and potential growth of internal pores. Therefore, homogenization at 
temperatures higher than 2125 °F is not recommended for single-pass DED NASA HR-1. 

 Reducing the grain size of DED NASA HR-1 to shorten the homogenization time at 
2125 °F is a very effective option to mitigate titanium segregation. The possibility of producing 
3.175-mm- and 1-mm-thick NASA HR-1 panels using multi-pass DED process will be evaluated in 
future publications.

 Other methods that can reduce titanium segregation and η-phase precipitation at grain 
boundaries will also be attempted. The chemical composition of wrought NASA HR-1 has 
been modified for AM using the PHACOMP method. An optimal composition (Rev 3) has been 
formulated by decreasing the overall Md value to improve the γ-matrix stability. In addition, a two-
step aging treatment has been successfully developed for DED NASA HR-1 to suppress η-phase 
precipitation. Being able to minimize the grain size variability, titanium segregation, and grain-
boundary η-phase precipitation will provide the best possible DED NASA HR-1 products for LRE 
applications.
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