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Abstract

This work investigates the efficacy of solution treatment and over-aging (STOA) as a post-
processing step to improve the mechanical properties of laser powder bed fusion (PBF-
L) Ti-6Al-4V that has been subjected to a thermo-hydrogen refinement of microstructure
(THRM) treatment. THRM was used to promote ductility and globularization of the PBF-L
Ti-6Al-4V microstructure, whereas STOA was leveraged to increase the strength through
precipitation hardening from coherent TizAl particles within the a phase, known as the o,
phase. Anincrease in hardness across the a phase was measured via nanoindentation, and
a small increase in strength was measured as a result of over-aging via quasi-static tensile
testing, with no loss of ductility. Both of these occurrences are consistent with previous
studies of Ti3Al precipitation leading to increased strength without loss of ductility.
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1. Introduction

The field of metal additive manufacturing (AM) may at first glance appear to be new, how-
ever, it is built upon a foundational understanding of powder metallurgy, rapid solidifica-
tion, welding, materials processing, and product manufacturing. This amalgamation of
fields has provided a basis for the three-dimensional freedom that metal AM provides to
the manufacturing sector. That said, the continued integration of historical understanding
with new and developing techniques is an ongoing process (e.g., Ti-6Al-4V). The physical
metallurgy of Ti-6Al-4V is well understood [1], with typical solidification microstructures
consisting of a lamellar @ + B morphology, where the hexagonal close packed (HCP) « is
the predominant, lamellar phase trapping the residual body centered cubic (BCC) 3 phase
between the laths.

Lamellar microstructures, particularly in the case of the primarily HCP Ti-6Al-4V, can present
engineering challenges during plastic deformation, as there are fewer degrees of freedom
for dislocation slip, as Ti-6Al-4V has preferred slip systems [2—4]. Depending on the cooling
rate during Ti-6Al-4V solidification, the initial phase field that is entered is the 8 phase,
which first precipitates « along the prior (parent)-B grain boundaries, followed by the
lamellar a that grows into the parent-f3 grains in accordance with the Burgers orientation
relationship [5]. This grain boundary o (0gg ) is deleterious to the mechanical properties
of Ti-6Al-4V, as these features are large pathways/lengths for dislocation slip [6], which is
also exacerbated by the parent-f8 grain size that results in elongated/parallel colonies of
o + B3 aligned across the entire region of the parent-f grain during cooling [1]. High cool-
ing rates (> 400 °C /s) can lead to the suppression of the deleterious oGg [7]; however, this
results in a super-saturated solid solution of 3 -stabilizers that are essentially trapped in
the room-temperature stable o phase. This resultant super-saturated « is embrittled, and
acicular in morphological appearance, thus leading to the metallurgical community refer-
ring to this microstructure as a martensite (&’ ). In metal AM, particularly laser powder
bed fusion (PBF-L), the o’ microstructure is typically the predominant as-built microstruc-
ture due to the high cooling rates inherent to solidification resulting from laser melting [8],
and needs to be subjected to heat treatments to decompose the supersaturated o into a
stable o + B microstructure [9, 10].

Traditional hot-working techniques have been able to both reduce the effect of the inter-
connected oGg , as well as transform the lamellar o + 3 microstructure into a more or less
equiaxed/globular granular microstructure [11], which is desirable for enhanced fatigue
performance of Ti-6Al-4V [12]. However, from an AM perspective, hot-working Ti-6Al-4V
is typically not a viable option, as one of the primary functions of AM is to produce net
or near-net shape parts. This results in a limitation of available post-process options that
do not significantly alter the net shape of the material. Work by Paramore et al. [13] in
the powder metallurgical field of Ti-6Al-4V, aimed at preserving the macroscale near-net
shape of the part while globularizing the microstructure, has led to the development of
heat treatments that leverage a gaseous hydrogen environment. This process is referred
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to as thermo-hydrogen refinement of microstructure, or THRM, to lower the f3 -transus
temperature (from approximately 1000 °C to 825 °C ) and allow for a globularization of
the microstructure and the introduction and removal of hydrogen during heat treatment
processing. As alluded to earlier, the implementation of processing techniques to metal
AM is an active area of investigation, with THRM being recently applied to PBF-L Ti-6Al-4V
by Knezevic et al. [14], along with work by Dunstan et al. towards parameter optimization
tailored for PBF-L Ti-6Al-4V to promote globularization and enhance ductility [15].

In a parallel thrust to enhance the mechanical properties of Ti-6Al-4V, early studies have
shown that aging Ti-6Al-4V in the 500 °C to 550 °C range [16, 17] (the a /(o + o ) solvus
[18]) for approximately 100 hours leads to the precipitation of intermetallic Ti;Al particles
(a2 ), which are coherent within the o phase of the a + B microstructure. These solution
treatment and over-aging (STOA) processes have been historically leveraged in some of the
aforementioned work, essentially as ‘standard practice’ for achieving optimal properties
[1], as the presence of these TizAl particles increase the strength in Ti-6Al-4V with minimal
to no loss of ductility [19, 20]. Recent studies of PBF-L Ti-6Al-4V have shown that over-aging
treatment can be successfully applied [21], with recent work by Derimow et al. [22], who
conducted an analogous solution treatment and over-aging of PBF-L Ti-6Al-4V through hot
isostatic pressing (HIP) at 920 °C for 2 hours, followed by over-aging at 545 °C in a vacuum
furnace for 100 hours. It was observed that there was an approximate increase of 60 MPa
in yield strength and 40 MPa in ultimate tensile strength with no loss of ductility. The
precipitation hardening was confirmed by Derimow et al. [22] via atom probe tomography
(APT), consistent with previous Ti3Al precipitate characterization in Ti-alloys via APT [23,
24]

The present investigation builds off of previous works by Derimow et al. [22] and Dunstan
etal. [15], in which the optimized THRM and globularization routine was implemented with
an over-aging step for post-processing to leverage both techniques to potentially improve
the mechanical properties of PBF-L Ti-6Al-4V.

2. Methods

Laser powder-bed fusion was carried out externally at an ISO 13485 [25] certified medical
device manufacturer. The build details are presented in Table 1. The build utilized plasma
atomized powder with nominal oxygen concentration of 0.104 wt.% O measured (via in-
ert gas fusion) prior to the build in the industrial work-flow setting. The build consisted of
identical cuboid blocks that were then grouped and subjected to the separate heat treat-
ments in order to maintain a constant chemistry. The blocks were leftover/extra blocks
from previous studies conducted by Derimow et al. [26, 27], and were used in the present
investigation from the as-built state prior to heat treatment processing.

The chemistry measurements were carried out externally at a Nadcap and A2LA ISO/IEC
17025 [28] accredited laboratory. The chemical content for the as-built blocks was mea-
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Table 1. Build parameters for the Ti-6Al-4V specimens in this study.

Parameters \ Information
Fabrication PBF-L

Machine 3D Systems DMP Flex 350?
Laser Type Fiber, 500 W /1070 nm
Software version | DMP Suite v39.1.1
Scan speed 1250 mm/s

Power 245 W

Layer thickness 60 um

Atmosphere Argon (Ar)

Pressure 150 mbar

Chamber O, < 10 ppm

Feedstock PSD 10 um =45 um

D50 33 um

sured, except for trace elements. Aluminum, vanadium, and iron were measured by induc-
tively coupled plasma mass spectrometry (ICP-MS) per ASTM E2823-17 [29]. Oxygen and
nitrogen were measured per ASTM E1409-13 [30], and hydrogen per ASTM E1447-09 [31],
all by inert gas fusion. Carbon was measured by the combustion method (ASTM E1941-10
[32]).

Table 2. Chemical composition in weight %. The ASTM standard specification maximum
limits for PBF Ti-6Al-4V Grade 23 (ASTM F3001 [33]) are also indicated. Note, trace
elements were not measured.

Element \ Grade 23 \ This build

Al 5.5<x<6.50 6.48
\ 3.5<x<4.5 4.1

Fe 0.25 0.22
0] 0.13 0.13
C 0.08 0.01
N 0.05 0.02
H 0.012 0.009

The heat treatments in this work follow the optimized condition presented by Dunstan et
al. [15], where the nomenclature used in this work is such that Ti|, 161 refers to the ‘850
°C THRM + Globularization’ treatment from Dunstan et al., nominally plotted in Fig. 1a,
where 850 °C was carried out for one hour in an Ar/H, environment, followed by 650 °C
for four hours, after which Ar/H, was purged from the chamber followed by a vacuum heat
treatment at 750 °C for 12 hours. The globularization portion consisted of 950 °C for one
hour, and 550 °C for 6 hours. Given the closeness in temperature to the 545 °C over-aging
temperature used by Derimow et al. [22], the 550 °C hold was extended to 100 hours (Fig.
1b), to be consistent with the aging time from that work to promote o precipitation.
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Microscopy specimens were hot mounted in conductive bakelite and were ground with
320, 400, 600, 800, and 1200 grit SiC paper (U.S. Industrial Grit), polished with 1 um di-
amond slurry, and vibratory polished in 50 nm colloidal silica for approximately 24 hours.
Scanning electron microscopy (SEM) electron backscatter diffraction (EBSD) measurements
were carried out on a field-emission SEM at an accelerating voltage of 25 kV and beam cur-
rent of 13 nA, with an EBSD step size of 0.5 um .

Nanoindentation maps were acquired from 25 um by 25 um regions of the polished mi-
croscopy samples. Displacement controlled nanoindentation to a depth of 200 nm was
carried out with a loading rate of 0.05 um /s, maximum force of 200 mN, and the unload-
ing rate was 10 um /s. Indents were spaced 1 um apart. No force was applied prior to
indentation. The data was plotted using a natural neighbor (weighted average of multi-
ple surrounding datapoints) scattered interpolant to illustrate the microstructural features
between the datapoints in the nanoindentation map. The histograms however, are of the
raw data.

The mini-tensile specimens were excised from simple cubic PBF-L cuboids as shown in Fig.
1c. The nominal gauge dimensions of the mini-tensile specimens were 5.08 mm long x
2.54 mm wide x 1.5 mm thick (Fig. 1d). The authors note that the specimen geometry was
chosen to be consistent with the previous studies by Derimow et al. [22, 26]. Quasi-static
uniaxial tensile testing was performed in the build direction (Z) at room temperature/air
with a strain rate of 1 x 10~ 3s~! up to failure using a servo-hydraulic load frame under dis-
placement control. Strain was measured using a physical extensometer with gauge length
of 3.0 mm. Eight replicates per condition were tested to failure.

3. Results and discussion

The microstructure of the Ti|y, g1 and Ti|n,+62 conditions are presented as EBSD maps
in Fig. 2a—b, such that the coloring is shaded according to the aspect ratio of the & grains,
where an aspect ratio of 1 represents a perfect circle and 0 would be a straight line. The
coloring is overlaid onto the image quality of the EBSD maps. To highlight the microstruc-
tural changes resulting from the THRM process, a Ti-6Al-4V microstructure from previous
work [27] that utilized blocks from this same build is shown in Fig. 2c, where this specimen
was vacuum heat treated for 2 hours at 800 °C (stress-relieved). The lamellar a + 8 mi-
crostructure is typically what is observed when a PBF-L Ti-6Al-4V specimen is either stress-
relieved or HIP’d [26], which has been drastically altered by the THRM process for Ti|n,+61
and Ti|n,+62 in Figs. 2a—b. The grain aspect ratio as obtained via EBSD is plotted with
respect to the area fraction for all three microstructures in Fig. 2d, where there is a dis-
tinct shift towards an aspect ratio of 1 for the THRM specimens in this work relative to the
stress-relieved condition. The globularization observed in this work is consistent with the
microstructural observations by Dunstan et al. [15], as the same procedure was followed,
thereby confirming and reinforcing the reproducibility of the THRM treatment. No distinct
microstructural changes are observed between the Ti|y,1 61 and Ti|,+62 conditions, as
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the TizAl precipitates are in the nanoscale regime [22], and would not be visible at this
magnification.

Nanoindentation maps and histograms are presented for the Ti| 4,11 (Fig. 3a—b) and Ti| u,+62
(Fig. 3c—d) conditions. The nanoindentation maps display a 25 um x 25 um field-of-view
(FOV), where the hardness intensity heatmap color scheme is represented as a histogram
in Figs. 3b,d with the same coloring. The microstructures that are visible for the Ti|p, 161
and Ti|4,+62 conditions in Fig. 3a,c, respectively, show o grains with similar features, with
bright spots indicated in yellow (highest intensity color) to represent the highest hard-
ness regions. The authors note that FOVs for both conditions are arbitrary, and sampling
may increase the visual presence of the highest intensity/harder grains. However, the his-
tograms for the conditions quantitatively depict a decrease in lower hardness grains from
the Ti|n,+61 to the Ti| 4,162 condition, with a shift towards grains with hardness values in
the 5.5 GPa range, which is less likely due to FOV sampling as these intermediary values
between low hardness and high hardness grains are more pronounced. Coincidentally, the
amount of high hardness values is similar for both FOVs, allowing for a closer comparison of
the hardness shift towards higher values in the Ti| 4,12 condition relative to the Ti| 4,1
condition, indirectly showing that the Ti| 4,462 condition resulted in o, /Ti3Al precipitation
from the 100 hour aging.

In order to further investigate the mechanical properties, mini-tensile specimens were uni-
axially tested in the exact same manner with the same sample geometry with respect to
previous work from the present authors in Refs. [22, 26, 27]. The authors note, however,
that the gauge length to width ratio in this work is 2:1, which is different than in the work
by Dunstan et al. [15], where a ratio of 4:1 was utilized. Engineering stress-strain curves
are shown in Fig. 4a—b, where the observed work-hardening behaviors are relatively sim-
ilar. However, they appear elevated in strength for the Ti|y,1.62 condition, as highlighted
in Fig. 4b. The mechanical properties for both conditions are summarized in Table 3. Anal-
ysis of variance (ANOVA) statistics were applied to both datasets to determine whether
there were any statistically significant differences between the measured values. The val-
ues for modulus (E), uniform elongation (g,), and total elongation (&) were calculated
to have P values > 0.05, implying that these values are not statistically different. Both
yield (oys) and ultimate tensile strength (oyrs) values, however, have P values < 0.001,
implying that they are statistically different, and can be reliably compared. The work by
Dunstan et al. [15] demonstrated an increase in total elongation of the Ti|, g1 condition
relative to the other temperatures and conditions tested in that work, due to the smaller
parent-f grain size resulting from the 850 °C temperature (7}, in their work). The elonga-
tion in the present study cannot be directly compared due to the specimen geometry due
to the differences in tensile geometry; however, these values are consistent with & obser-
vations from from Derimow et al. [22] (approximately 30%) where the same geometry was
used. The specimens in Ref. [22], however, had undergone HIP treatment at 920 °C, and
therefore porosity was not a contributing failure mechanism. The similarity of & values to
previous work for specimens that have been HIP’d is consistent with the increased ductil-
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ity observed by Dunstan et al. [15]. There was a small increase in the average oyg (+16
MPa) and oy7s (+12 MPa) values of the Ti| 4,12 condition relative to the Ti|y,,61 condi-
tion. This increase in strength is consistent with the o, precipitation hardening observed
by Derimow et al. [22] for material from the exact same build, but subjected to a different
starting heat treatment.

Table 3. Summary of tensile properties. oyg = yield strength, E = modulus, &, = uniform
elongation, oy g = ultimate tensile strength, & = total elongation. Standard deviations
(10) are presented next to the values. ANOVA = Analysis of Variance, where the P-values
are such that values of P > 0.05 are considered to be not statistically different, while
values of P < 0.001 are considered statistically significant.

Condition | Color | oys (MPa) | E (GPa) | & (%) | ours(MPa) | & (%)
Til,i61 | W 846+3 [ 109+2 | 11+1 933 +3 32+5
Til by 62 862+5 | 111+15| 11+2 945 + 4 30+9
ANOVA - [[P<0.001|P>005|P>005| P<0.001 |P>0.05
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Fig. 1. a) Optimized THRM + Globularization treatment repeated from Ref. [15], referred
to in this work at Ti|4,+g1 . b) This same processing, however, with 100 h of aging instead
of 6h, referred to in this work as Ti|y,+g2 . €) PBF-L as-built block with nominal
dimensions, and characterization and excision locations. d) Mini-tensile specimen
geometry.
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Fig. 2. EBSD aspect ratio map overlaid onto image quality for a) Ti|n,+61 , b) Ti|n,+c2 ,
and c) an 800 °C stress-relief treatment stemming from the same build, however
originating in previous work [27]. d) Grain aspect ratio plotted against area fraction for
the field of view.
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same heatmap color scheme. c) Nanoindentation map of the Ti|y, 162 condition, d)
hardness histogram with the same heatmap color scheme.
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4. Summary

This work is a brief investigation into the viability of solution treatment and over-aging
(STOA) as a post-processing step to improve the mechanical properties of PBF-L Ti-6Al-
4V that has been subjected to a thermo-hydrogen refinement of microsctructure (THRM)
treatment to promote globularization of the PBF-L Ti-6Al-4V o phase. The findings are
highlighted below:

* The optimized THRM treatment from Dunstan et al. [15] was repeated for this work
(TilHy+G1 ), utilizing material from previous studies by Derimow et al. [26, 27]. There
was a a distinct shift in the microstructure towards globularization of the « laths,
consistent with previous THRM-based investigations [13—15].

¢ Nanoindentation maps highlight a shift towards harder grains for the optimized THRM
treatment that had extended the final step from 6 hours to 100 hours (Ti|n,+a2 ).
This indicates precipitation hardening of the a grains via coherent TizAl (¢, ) parti-
cles, consistent with the observations by Derimow et al. [22].

e Mini-tensile testing resulted in a slight increase in yield and ultimate tensile strength
for the over-aged condition, with no statistically significant differences observed in
the modulus, uniform elongation, or total elongation. These results are also consis-
tent with previous work [22].

While the tensile strength and hardness increases in this work are small, the observations
are consistent with Ti3Al precipitation hardening in Ti-6Al-4V alloys. This work serves as a
proof-of-concept to further develop optimization studies to leverage both THRM and STOA
techniquesin a manner that can improve the mechanical properties of PBF-L Ti-6Al-4V with
varying iterations of the times, temperatures, and pressures of the post-processing steps.
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