Additive Manufacturing 61 (2023) 103331

ELSEVIER

Contents lists available at ScienceDirect
Additive Manufacturing

journal homepage: www.elsevier.com/locate/addma

Additive

Check for

Improving fatigue performance of additively manufactured Ti-6Al-4V using [
sulfur-based self-terminating etching processes

Subbarao Raikar®, Steven DiGregorio %, Milan Agnani b Garrison M. Hommer ?, Owen

J. Hildreth ™"

2 Colorado School of Mines, Department of Mechanical Engineering, 1500 Illinois St., Golden, CO 80401, USA
® Colorado School of Mines, Department of Metallurgical and Materials Engineering, 1500 Illinois St., Golden, CO 80401, USA

ARTICLE INFO ABSTRACT

Keywords:

Additive Manufacturing
Post-processing
Ti-6A1-4V

Surface Roughness
Fatigue

The adoption of Additively Manufactured (AM) Ti-6Al-4V (Ti64) is continually increasing in the industry due to
its benefits over the conventional manufacturing techniques. However, AM Ti64 parts are prone to poor surface
finish, which significantly affects their fatigue performance. Therefore, AM Ti64 parts need post-processing to
enhance surface finish and fatigue performance. Prior work with a sulfur-based self-terminating etching process
for AM Ti64 demonstrated support removal and surface roughness reduction. To further this work, this manu-

script details the impact of this sulfur-based post-processing technique on the mechanical properties and the
fatigue life of AM Ti64 by characterizing the surface roughness, microstructural evolution, and fracture surfaces.
This post-processing technique decreased the surface roughness parameter - Sy by 55 % from 84 + 11 um to 38
+ 19 ym and increased the average fatigue life by 340 % from about 7000 cycles to 30,000 cycles.

1. Introduction

Additive Manufacturing (AM) of Ti-6Al-4V (Ti64) components is of
great interest due to its ability to form complex geometries with less
material waste, quicker turnaround times, and lower cost than con-
ventional manufacturing processes [1]. However, AM parts are prone to
poor surface finish, high residual stresses, and porosity, reducing fatigue
performance [2-4]. In addition, printing process parameters such as the
incident energy, powder size, and layer thickness directly affect the
surface roughness [5,6]. Although researchers have improved the sur-
face roughness by optimizing printing process parameters, additional
post-processing is necessary to improve the surface finish for better fa-
tigue performance.

Post-processing methods for surface finishing involve mechanical
grinding and machining [7], laser-based [8], and chemical-based [9]
treatments [10]. Mechanical surface finishing methods include me-
chanical machining, ultrasonic nanocrystal surface modification
(UNSM), and the use of abrasives [10]. Fatemi et al. showed that
improving the surface finish of AM Ti64 by machining improved the
fatigue performance compared to that of as-printed specimens [11].
Zhang et al. showed the use of UNSM and electrically assisted UNSM to

improve the fatigue performance of AM Ti64 [12,13]. Ma et al.
improved the surface finish of AM Ti64 by using laser polishing, and the
microstructural changes due to this process also lead to higher wear
resistance [14]. While the above-mentioned deformation-based
post-processing techniques and laser polishing can effectively decrease
the surface roughness, they cannot be used to process complex geome-
tries with inaccessible internal surfaces. Presenot et al. used a solution of
hydrofluoric acid, nitric acid, and deionized water to chemically polish
AM Ti64 to improve the surface finish. This resulted in a 60 % increase in
the fatigue strength of the chemically polished AM Ti64 compared to
as-printed specimens [15]. While chemical polishing can improve the
surface finish of parts with fluid-accessible internal surfaces, the process
is often non-uniform since the concentration of the etchant decreases as
the fluid moves from the leading surfaces compared to the trailing
surfaces.

To address these post-processing issues, the Hildreth group recently
introduced a sulfur-based Self-Terminating Etching Process (STEP) for
AM Ti64 that not only improves the surface finish but can also be used
for support removal [16]. In this process, elemental sulfur gas reacts
with the top ~50 um of the surface of AM Ti64 to form the respective
sulfides at 950 °C. Then, a sulfuric acid and sodium molybdate solution
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Fig. 1. Schematic of the sulfur-based self-terminating etching process for sup-
port removal and surface finishing of AM Ti64.

Table 1

Composition of Ti-6Al-4V powder by EOS.
Composition wt%
Al 5.50-6.75
v 3.50-4.50
(0} <0.2
N <0.05
C <0.08
H <0.015
Fe <0.30
Y < 0.005
Other elements <0.4
Ti Balance

selectively etches the sulfides at room temperature while protecting the
base Ti64. Fig. 1 shows a schematic of the STEP and its effect on the
surface. Since each sulfidation-etching cycle removes ~50 pm of Ti64,
multiple cycles are required to dissolve thicker supports [16]. The sul-
fidation process is diffusion limited, i.e., the reaction between sulfur gas
and Ti64 leads to the formation of a sulfide layer that grows in thickness
as the reaction proceeds. The sulfide layer growth rate decreases as the
sulfide scale thickness increases, leading to the formation of a uniform
sulfide layer on all the surfaces of Ti64, particularly in high-aspect ratio
parts like internal channels. During the etching process, only the uni-
form sulfide layer is dissolved in a self-terminating manner that protects
the integrity Ti64 under the sulfide scale. Thus, leading to uniform
amount of material removed from all the surfaces, internal and external.

While support removal and surface finishing demonstration showed
the potential of this novel sulfidation and etching process, the me-
chanical properties and fatigue performance of Ti64 after processing
using this sulfur-based post-processing have not been studied. These
properties are a critical metric when evaluating any AM post-processing
technique. This work fills this information gap by studying the impact of
the sulfur-based post-processing technique on the tensile properties and
fatigue performance of AM Ti64. Here, the mechanical properties,
including the cycles to failure, surface roughness, microstructure, and
fracture surfaces, are compared for fatigue specimens in as-printed
condition, as-printed heat-treated without any surface finishing, and
after the sulfur-based post-processing. These results show that this
sulfur-based process improves the fatigue performance of printed Ti64
specimens by at least 3 x because of the microstructural evolution and
the improvement in surface finish.

2. Materials and methods
2.1. Specimen preparation

Ti64 tensile and fatigue specimens with circular cross-sections and
the block with an internal channel were fabricated using an EOS M 290

printer. Fig. S1 in the Supporting Information shows the drawing and
dimensions of the tensile and fatigue specimens and their printing
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Table 2
Specimen process condition and the tests performed with the respective
condition.

Specimen Condition Surface Heat Tensile  Fatigue
Finishing Treatment
As-printed No No Yes Yes
As-printed heat-treated No Yes No Yes
STEP with sulfur and Yes Yes Yes Yes
iodine
STEP with sulfur only Yes Yes No Yes

orientation. The specimens’ fabrication conditions were as follows:
30 um layer thickness with laser power of 280 W, speed of 1200 mm/s,
and hatch spacing of 0.14 mm. The composition of the Ti64 powder, as
stated by the powder manufacturer (EOS), is listed in Table 1.

The printed specimens were cleaned in an ultrasonic bath with
deionized (DI) water (18.2MQ, Thermo Scientific Smart2Pure),
acetone, methanol, and isopropyl alcohol for 5 min each sequentially.
After ultrasonication with each solvent, the specimens were dried with
compressed Ny to remove any excess solvent. Then, STEP is performed
on the cleaned specimens. Since its initial development, STEP has been
modified to eliminate sub-surface sulfidation, reduce the number of
cycles for support removal, and decrease the cycle time for faster pro-
cessing. Firstly, decreasing the sulfidation temperature from 950 °C to
750 °C eliminated sub-surface sulfidation. Sulfidation in the presence of
iodine led to an increase in the amount of Ti64 consumed per cycle of
sulfidation and reduced the number of cycles required for support
removal. Finally, etching at 80 °C led to an increase in the etch rate and
effectively decreased the cycle time. However, after noticing detri-
mental effects on the surface finish, sulfidation in the presence of iodine
and etching at 80 °C were discontinued.

Table 2 shows the specimen process conditions and the tests per-
formed in this work. Tensile tests were conducted with as-printed and
STEP with sulfur and iodine specimens. Fatigue tests were conducted
with all four conditions. The as-printed condition refers to the specimens
that have not undergone any post-processing after the printing process.
The as-printed heat-treated condition refers to the specimens subjected
to the thermal processing of the STEP specimens without any surface
finishing effects. These specimens were prepared by encapsulating as-
printed specimens in fused quartz without any sulfur or iodine and
subjected to the same heat treatment cycles as the STEP specimens. The
procedure and process history of STEP with sulfur and iodine and STEP
with sulfur only specimens are described in the following subsection.

2.2. Self-terminating etching process

Sulfur and iodine were carried into a tube furnace (Lindberg
HT55342C) through a static inline mixer (Model No.1/4-40-3-12-2,
Koflo Corporation) with the help of argon (99.999 %, General Air) flow
through a bubbler of sulfur flakes (> 99.99 % trace metals basis, Sigma-
Aldrich) at 150 °C and an iodine (> 99.99 % trace metals basis, Sigma-
Aldrich) bubbler at room temperature. The argon flow rates were
adjusted such that the gas mixture contained one percent of iodine by
volume. Specimens were sulfidized in the tube furnace at 750 °C for
12 h, and the specimens were water quenched. The iodine bubbler was
disconnected for STEP with a sulfur-only cycle, and a fresh mullite tube
was used. The specimens were etched in a solution of 5 M sulfuric acid
(H2SO4, 95-98 %; VWR Chemicals) and 0.25 M sodium molybdate
(NagMoOy4, > 98 %, Sigma-Aldrich). Fig. S2 in the Supporting Infor-
mation shows the setup for sulfidation using a tube furnace.

A set of six cleaned specimens, one set each of fatigue and tensile
specimens, were subjected to STEP with sulfur and iodine for three cy-
cles at 750 °C and etched at 80 °C to accelerate the etching process.
Fig. 2a shows the poor surface after the first three cycles of sulfidation
and etching. The poor surface finish could be attributed to the aggressive
effect of iodine on material consumption. Therefore, the use of iodine
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Fig. 2. SEM images of the surface evolution of one specimen each from STEP with sulfur and iodine (top row) and STEP with sulfur (bottom row) after a) and e) cycle
03, b) and f) cycle 04, ¢) and g) cycle 05 and d) and h) after cycle 06 respectively. Figures a) and b) show the sharp features due to the detrimental effect of iodine and
etching at 80 °C. These features are absent in the STEP with sulfur specimens and room temperature etching.

Table 3

STEP parameters for sulfidation and etching of STEP with sulfur and iodine specimens.

Sulfidation Temperature [°C] Sulfidation Duration [hr] Sulfidation Enclosure Todine Etching Temperature [°C]
Cycle 01 750 12 Tube furnace Yes 80
Cycle 02 750 12 Tube furnace Yes 80
Cycle 03 750 12 Tube furnace Yes 80
Cycle 04 750 12 Tube furnace No 80
Cycle 05 750 4 Quartz encapsulation No 22
Cycle 06 750 4 Quartz encapsulation No 22
Table 4
STEP parameters for sulfidation and etching of STEP with sulfur only specimens.
Sulfidation Temperature [°C] Sulfidation Duration [hr] Sulfidation Enclosure Todine Etching Temperature [°C]
Cycle 01 750 4 Quartz encapsulation No 22
Cycle 02 750 4 Quartz encapsulation No 22
Cycle 03 750 4 Quartz encapsulation No 22
Cycle 04 750 4 Quartz encapsulation No 22
Cycle 05 750 4 Quartz encapsulation No 22
Cycle 06 750 4 Quartz encapsulation No 22

was discontinued for following sulfidation cycles. For the fourth cycle,
the fatigue specimens were subjected to STEP with sulfur only in the
tube furnace at 750 °C for 12 h and etched at 80 °C. However, the sur-
face finish of the specimens after the first four cycles was poor, with
sharp features that can be detrimental to the fatigue performance, as
shown in Fig. 2b. Therefore, etching at 80 °C was also discontinued.
Hereafter, the specimens were subjected to two STEP cycles with only
sulfur in a fused quartz tube to minimize the effect of uncertainties and
nuisance factors associated with the tube furnace setup. A representative
fused quartz encapsulation is shown in Fig. S3 in the Supporting Infor-
mation as a visual aid. The encapsulated specimens were sulfidized in a
box furnace at 750 °C for 4 h and water quenched. The specimens were
then etched at room temperature. The surface finish improved with
sulfur-only cycles, as shown in Fig. 2c and d.

To eliminate the potentially detrimental effect of iodine and etching
at 80 °C, another set of six as-printed fatigue specimens was encapsu-
lated in a fused quartz tube individually with 50 mg sulfur only, for each
STEP cycle, to avoid the sharp features seen with the previous set of
specimens. Fig. 2e, f, g, and h show the surface of the fatigue specimens
after the third, fourth, fifth, and sixth cycles of STEP with sulfur. These
surfaces do not show any sharp features, such as those seen in Fig. 2a and
Fig. 2b. Even though the final surface looks reasonably similar for both

the specimens, the detrimental effects from the previous processes, i.e.,
STEP with sulfur and iodine and etching at 80 °C, could significantly
affect the fatigue performance. The summarized process histories for
both sets of specimens are tabulated in Table 3 and Table 4. The di-
ameters of both sets of fatigue specimen decreased by ~100 um, i.e.
~50 um of Ti64 was removed from the surface of the specimens. The
diameters and the material removed from the surface of all the fatigue
specimens are plotted in Fig. S4 of the Supporting Information. Figure S5
shows the orientation of the fatigue specimen surfaces with respect to
the build direction.

2.3. Mechanical testing

All the specimens were tested on an MTS Landmark 370.10 servo-
hydraulic load frame with hydraulic vee wedge grips. The tension-
tension fatigue specimen stress bounds were 620.5 MPa (90 ksi) and
62.1 MPa (9 ksi), as recommended by the specimen supplier. The fatigue
testing with a loading ratio, R of 0.1 was conducted with a cycle fre-
quency of 20 Hz. Quasi-static tensile testing was also performed on the
MTS load frame equipped with a half-inch axial extensometer (632.26E-
43, MTS) with a strain rate of 0.001 s L
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Fig. 3. Stress-Strain curves from tensile testing of six as-printed specimens and
six specimens subjected to STEP with sulfur and iodine. The as-printed speci-
mens have higher ultimate tensile strength and yield strength but lower
ductility than the STEP specimens.

2.4. Characterization

Each specimen was cut into two pieces using a metallographic saw
(MSX-250 M2, LECO) with an AlyO3 abrasive blade for roughness and
microstructure data. One-half was used for radial cross-section infor-
mation and the other for axial cross-section information. The specimen
pieces were placed in cold-curing epoxy (EpoFix, Struers) within 1.25-
inch diameter mold cups. After the epoxy cured, these samples were
ground with silicon carbide paper sequentially from 180 grit to 600 grit,
followed by polishing with 9 ym diamond suspension and finishing with
0.05 um colloidal silica with 20 % v/v hydrogen peroxide (30 % H305 in
water, Fisher Chemical). The samples were thoroughly rinsed with water
and isopropyl alcohol and dried with compressed N between each step.
For microstructural analysis, the polished samples were stain-etched at
room temperature using an immersion solution of ammonium bifluoride
and deionized water for 60 s. 6 mm line profiles were obtained from the
axial cross-section images using ImageJ [17] for surface roughness
characterization. The surface profile images were then processed to
obtain the coordinates on MATLAB to calculate the roughness parame-
ters. Areal roughness parameters were obtained from three
650 x 650 pmz areas using Olympus LEXT OLS5100 laser scanning
microscope. The images for microstructural examination and roughness
characterization were collected with light optical microscopy (Axio
Vert.Al, Zeiss). The fatigue specimen surfaces and the fracture surfaces
were imaged with an accelerating voltage of 15 kV on SEMTech Solu-
tions Model 3300 Field Emission Scanning Electron Microscope.

3. Results and discussion

The STEP post-process used in this study has several advantages over
other post-processing methods. First, the chemical approach allows for
both external and internal surface processing. Second, the self-
terminating nature facilitates more uniform material removal, even on
high aspect ratio internal channels. Third, the surface roughness and
microstructure enhancements can improve the fatigue performance of
printed parts. This study focuses on quantifying the tensile properties
and fatigue performance, and connecting it to the microstructure, sur-
face roughness, and fracture surface for as-printed, as-printed heat-
treated, after STEP with sulfur and iodine, and after STEP with sulfur
only.

3.1. Tensile testing

Fig. 3 shows the stress-strain curves for specimens as printed and
after STEP with sulfur and iodine. Table 3 lists the average tensile
properties of the tested specimens with one standard deviation as error.
The STEP tensile specimens show an overall decreased strength
compared to the as-printed specimens. The elastic modulus of the as-
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Table 5

Tensile properties of as-printed and STEP with sulfur and iodine specimens.
Tensile property As-printed STEP - S+1
Modulus [GPa] 102 £ 2 115+1
UTS [MPa] 1305+ 6 1035+ 3
YS [MPa] 1120 £ 11 991 +6
Elongation [%] 9+1 13+5
Toughness [MPa] 105 + 16 126 + 56

Cycles to Failure
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Fig. 4. Plot comparing the number of cycles to failure for as-printed, as-printed
heat-treated, STEP with sulfur and iodine, and STEP with sulfur only specimens.
Both the sets of STEP specimens with surface finishing outperformed the as-
printed and STEP heat treatment specimens attributing the additional in-
crease in cycles to failure to surface finishing aspect of STEP. The STEP with
sulfur only specimens’ cycles to failure is comparable to the cycles to failure of
as-printed machined specimens (Information provided by the supplier).

printed specimens (102 + 2 GPa) is slightly lower than that of the
STEP specimens (115 + 1 GPa), which could be a result of texture [18]
or due to inaccuracies in the measurement of the diameter of the spec-
imens. The difference in the measured diameter and load-bearing
diameter of STEP specimens could be smaller than that of as-printed
specimens due to the lower surface roughness of STEP specimens
should also be noted. STEP decreased the average ultimate tensile
strength (UTS) from 1305 + 6 MPa to 1035 + 3 MPa and decreased the
yield strength (YS) from 1120 + 11 MPa to 991 + 6 MPa, compared to
the as-printed specimens. STEP also increased the average elongation
from 94+1 % to 13+ 5 % and the average toughness from 105
+ 16 MPa to 126 + 56 MPa, compared to the as-printed specimens. A
higher UTS typically suggests better fatigue performance [19]. Howev-
er, lower elongation and toughness, indicating the less ductile nature of
the as-printed specimens compared to the STEP specimens, can result in
poor fatigue performance. Less ductile nature makes fatigue specimens
prone to rapid crack initiation due to higher sensitivity to surface
roughness [20]. Tensile testing was not performed for STEP with sulfur
only since its thermal processing history was the same as STEP with
sulfur and iodine. Micro-hardness measurements corroborate this
reasoning. Vickers micro-hardness values of the as-printed heat-treated,
STEP with sulfur and iodine, and STEP with sulfur are similar and lower
than that of the as-printed condition, shown in the Supporting Infor-
mation Fig. S2. Table 5.

3.2. Effect of STEP on fatigue life

As-printed, as-printed heat-treated, STEP with sulfur and iodine, and
STEP with sulfur only fatigue specimens were tested, with a cyclic peak
loading of 620.5 MPa and an R value of 0.1 with a frequency of 20 Hz, to
study the effect of STEP on the fatigue performance. Fig. 4 compares the
number of cycles to failure for the four specimen process conditions. The
dashed orange line indicates the fatigue life of machined as-printed
specimens for reference (provided by the specimen supplier). Both sets
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Fig. 5. Fracture surface of the STEP with sulfur fatigue specimen with the
lowest cycles to failure. Compared to the rest of the STEP with sulfur specimens,
the untimely fatigue failure can be attributed to the large surface defect (shown
with the dotted red lines).

of STEP specimens (sulfur with iodine and sulfur only) outperformed
both the as-printed specimens and as-printed heat-treated specimens,
with the as-printed specimens failing at a mere ~ 7000 cycles, as-printed
heat-treated specimens around ~ 18,000 cycles, STEP sulfur with iodine
specimens failing around ~ 20,000 cycles, and STEP with sulfur only
specimens failing around ~ 31,000 cycles. The average number of cycles
to failure for STEP with sulfur-only specimens is comparable to that of
machined as-printed specimens, as mentioned by the supplier. The as-
printed heat-treated specimens outperform the as-printed specimens
showing that the thermal cycling during the STEP process improves the
fatigue performance. This is likely a result of the heat treatment since
there was no change in the surface finish of the specimens after the heat
treatment.

Along with the microstructural changes, the removal of detrimental
residual tensile stresses that accelerate crack initiation and failure could
have enhanced the fatigue performance of as-printed heat-treated
specimens over as-printed specimens [21]. The fatigue performance of
the STEP with sulfur and iodine specimens is comparable to that of the
as-printed heat-treated specimens. The surface finishing provided by
STEP with sulfur and iodine has improved the fatigue performance by ~
2000 cycles compared to the as-printed heat-treated specimens. How-
ever, the STEP with sulfur only specimens failed after an additional ~
20,000 cycles compared to the as-printed heat-treated specimens high-
lighting the influence of the surface finishing aspect of STEP. The poor
performance of the STEP with sulfur and iodine specimens compared to
the STEP with sulfur specimens can be attributed to the detrimental
effects caused by the presence of iodine and etching at 80 °C, as dis-
cussed earlier in Section 2.2 and shown in Fig. 2. The cycles to failure
data for STEP with sulfur specimens has more variance than specimens
with other process conditions. In particular, the specimen with the

As printed

Axial
Cross-section

_>
Build Direction

50 pm

As-printed heat treated
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lowest cycles to failure has a large surface defect (red dotted line), as
shown in the initiation site of the fracture surface of the specimen in
Fig. 5, that could have led to the untimely fatigue failure of the spec-
imen. We investigated the specimen surface roughness, microstructure,
and fracture surfaces to further understand how STEP improves fatigue
performance.

3.3. Microstructural analysis

The tensile deformation behavior, crack initiation, and propagation
depend on the microstructure. Fig. 6 shows the optical images of the
axial stain-etched cross-sections revealing the microstructure of the as-
printed, as-printed heat-treated, STEP with sulfur and iodine, and
STEP with sulfur only samples. The as-printed microstructure primarily
consists of fine acicular o martensite structures (Hexagonal Close
Packed (HCP) structure) due to the high-temperature gradients inherent
to the SLM process [2]. These fine structures are associated with higher
strength and lower toughness, as observed with the stress-strain curves
in sub-Section 3.1. The as-printed heat-treated, and both the STEP mi-
crostructures consist of a (HCP structure) lathes distributed in a f
(Body-Centered Cubic (BCC) structure) matrix along with some acicular
' structures. The o’ martensite from the printing process decomposed to
amixture of o« and p [22] during STEP at 750 °C. The transformation of
and B phases from o’ during STEP explains the lower UTS and YS of the
STEP tensile specimens since p is a relatively more ductile phase, and its
presence decreases the strength of the material [23]. The presence of the
B phase also contributes to the higher ductility observed in the STEP
specimens compared to the as-printed specimens. Ductile materials are
usually less sensitive to stress concentration due to surface roughness
[24], and this could be one of the reasons for the better fatigue perfor-
mance of STEP specimens. STEP with sulfur and iodine specimens un-
derwent thermal processing of 750 °C for 12 h for the first three cycles,
followed by three more cycles at 750 °C for 4 h.

In contrast, STEP with sulfur only specimens underwent six cycles at
750 °C for 4 h. However, the microstructures for both sample sets are
identical even with different thermal processing durations. This is
because both the a and the § phases tend to coarsen with longer hold
times, but their growths hinder each other and limit overall grain growth
[18]. Overall, the transformation of fine acicular ' to a + p lamellar
microstructure resulted in higher ductility that decreased the sensitivity
to surface roughness and increased the resistance to crack propagation.

3.4. Surface roughness analysis

Surface roughness and irregularities can influence the fatigue per-
formance of a Ti64 part since these irregularities act as primary initia-
tion sites for cracking [25]. The surface irregularities are characterized
by analyzing cross-sectional images of the surface and quantifying the
surface roughness for the axial cross-sections since the cyclic loading
direction is perpendicular to the surface roughness. Fig. 7 shows the

STEP - Sulfur + Iodine STEP - Sulfur only

Fig. 6. Optical images of the axial stain-etched cross-sections of as printed, STEP with sulfur and iodine, and STEP with sulfur only fatigue samples. The o structure
in the as-printed samples transforms to o + p lamellar microstructure after the heat treatment or after STEP. a-phase is lighter regions, and the p-phase is darker in the
as-printed heat-treated, STEP — Sulfur + Iodine, and STEP — Sulfur only images. The orientation of the cross-section with respect to the build direction is shown in the

schematic on the left.



S. Raikar et al.

Additive Manufacturing 61 (2023) 103331
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Fig. 7. Inverted microscope images of the axial and radial cross-sections of the as-printed, as-printed heat-treated, STEP with sulfur and iodine, and STEP with sulfur
only with P, and Py values on the bottom right corner of the axial cross-sections. The balling effect and the other notch-like surface irregularities contributing to stress
concentration have been removed with STEP leading to a decrease in P, by ~33 %. The orientations of the cross-sections with respect to the build direction are shown

in the schematic on the left.
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axial and radial cross-sections of the fatigue samples with the highest
cycles to failure in their respective sets. The as-printed samples have
notch-like surface irregularities that act as stress concentration sites in
axial and radial cross-sections. These notch-like surface irregularities
and the balling effect are not present in STEP samples. The acuity of the
surface features has also decreased after STEP. Cracks from the surface
are observed only in the as-printed and as-printed heat-treated axial
cross-sections perpendicular to the cyclic loading direction. The absence
of such cracks in the STEP samples indicates that the removal of surface
irregularities leads to a decrease in stress concentration and, ultimately,
crack initiation sites during fatigue testing.

The surface roughness parameters, average profile roughness (P,),
average minimum valley depth (Py), average maximum peak height
(Pp), and average maximum profile height (P,) were calculated from the

Heat treated

S+1 S

6 mm long outlines of the axial cross-sections obtained from ImageJ.
The surface profiles from cross-section images were divided into five
equal segments to calculate the roughness parameters for each segment
since obtaining the surface profile with contact profilometry on curved
surfaces would be challenging. The outlines are also more accurate than
optical surface profilers since light cannot reach the region of interest
when the surface irregularities cover the region of interest [26] as seen
in the as-printed cross-sectional images in Fig. 7. However, the fatigue
specimen surfaces have also been characterized to obtain areal rough-
ness parameters with a laser scanning microscope in addition to the
profiles from the cross-sectional images. The roughness parameters re-
ported in Fig. 8 are the average values calculated from the five segments
with one standard deviation as the error bars. The samples without any
surface treatment, i.e., the as-printed and the as-printed heat-treated
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Roughness - S, Roughness - Sy Fig. 9. Plot of areal surface roughness parameters average
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.1. Crack initiation -2. Crack propagation . 3. Overload

Fig. 10. SEM images of the fracture surfaces of the fatigue specimens with the highest cycles to failure show the crack initiation, crack propagation, and overload
regions. The specimens subjected to STEP surface finishing have only one failure initiation point compared to multiple failure initiation points with the as-printed and
as-printed heat-treated specimens. Labels 1, 2, and 3 indicate crack initiation, crack propagation, and overload regions respectively.
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STEP - Sulfur only

-

STEP - Sulfur + Iodine
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Fig. 11. SEM images of the fracture surfaces of as-printed, as-printed heat-treated, STEP with sulfur and iodine, and STEP with sulfur only fatigue specimens show
the respective initiation, crack propagation, and overload regions. The initiation is on the surface for all the specimens, with a more tortuous surface for the as-printed
surface than the rest. Labels 1, 2, and 3 indicate crack initiation (second row), crack propagation (third row), and overload (fourth row) regions respectively.

samples, have a higher P,, although fairly comparable, than the samples
subjected to surface finishing, i.e., the STEP with sulfur and iodine and
the STEP with sulfur only samples. However, the Py, P}, and P, values of
the samples subjected to surface treatment are lower by at least
one-third compared to those without any surface treatment, i.e., the
depth of notch-like surface irregularities, represented by Py, has
decreased by ~33 % from 37 &+ 12 ym for as-printed samples to 25
+ 8 um for STEP with sulfur samples. P, and P, also have decreased by
~33 % from 32 £ 10 ym to 21 + 8 ym and from 69 + 14 ym to 45
+ 10 pm respectively for as-printed and STEP with sulfur samples.
Therefore, in addition to decreased surface roughness after STEP, the
smoothing of sharp radiused features that act as stress concentrations
improves the fatigue performance by increasing the resistance to fatigue
crack initiation. As expected, there is no significant difference in the
roughness parameters between the STEP with sulfur and iodine and
STEP with sulfur only since the last two cycles of sulfidation and etching
for both the sets of samples were identical.

The areal surface roughness parameters average surface roughness
(Sa), average minimum valley depth (S,), average maximum peak height
(Sp), and average maximum height (S,) were measured from three
650 x 650 um? areas with a laser scanning microscope for each sample.
Fig. 9 shows the plot of average values of the areal surface roughness
parameters with one standard deviation as error bars for as-printed, as-

printed heat-treated, STEP with sulfur and iodine, and STEP with sulfur
samples. There is no significant difference in the roughness parameters
between the STEP with sulfur and iodine and STEP with sulfur only since
the last two cycles of sulfidation and etching for both the sets of samples
was identical, as seen earlier with profile analysis. The roughness pa-
rameters, S,, Sy, Sp, and S, of the samples without any surface treatment
is higher than that of the samples subjected to surface finishing, except
for one outlier each in the STEP with sulfur and iodine and STEP with
sulfur only samples. S, decreased by 35 % from 14 + 3 ym to 9 + 1 um,
Sy decreased by 55 % from 84 4 11 um to 38 £ 19 um, S, decreased by
43 % from 83 + 6 um to 47 + 9 pym, and S, decreased by 49 % from 167
+ 11 um to 85 £ 15 um for as-printed and STEP with sulfur samples
comparison. The drastic decrease in S,, that represents the depth of
notch-like features, significantly contributed to increase in the fatigue
performance by 340 % from as-printed to STEP with sulfur specimens.
The lower Sy of as-printed heat-treated samples compared to as-printed
could be due to the closing of some micro notches due to expansion of
the metal during heat treatment. The trends observed with the areal
roughness parameters closely matches that of the profile roughness
parameters, which in turn matches the fatigue performance, further
corroborating the contribution of the decrease in surface roughness in
improving the fatigue performance.
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STEP - Sulfur only
Striations

Fig. 12. Higher magnification SEM images of the crack propagation and overload regions of the as-printed and STEP with sulfur fracture surfaces. Ductile striations
are visible in both specimens. However, facets in as-printed fracture surface indicate a combination of ductile and brittle failure, whereas in STEP with sulfur, it is

mainly ductile.

3.5. Fracture surface analysis

Fracture surfaces of the fatigue specimens were analyzed to deter-
mine the potential differences in the failure mechanisms between the as-
printed, as-printed heat-treated, STEP with sulfur and iodine, and STEP
with sulfur specimens. Fig. 10 shows the crack initiation sites, crack
propagation, and overload on the fracture surfaces of the specimens with
the highest cycles to failure for each specimen process condition. All the
fracture surfaces indicate crack initiation at the specimen surface and

As printed

the end with ductile failure irrespective of their surface roughness and
microstructure. The as-printed and as-printed heat-treated specimens, i.
e., specimens without any surface finishing, have at least two crack
initiation sites compared to one for the specimens subjected to STEP
with sulfur and iodine and STEP with sulfur only, i.e., specimens with
surface finishing. This is due to the removal of the potential crack
initiation sites by improving the surface finish after STEP. The as-printed
specimen has more crack initiation sites than the as-printed heat-treated
specimen, indicating the microstructural changes and the increase in

STEP - Sulfur + Iodine - Six cycles

Fig. 13. Optical image of a printed block with an internal surface and a printed block after six STEP cycles with sulfur and iodine. The internal channel width has
increased, and the surface irregularities have decreased, leading to a relatively smoother surface.
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ductility after the heat treatment make the specimen less sensitive to the
surface roughness. Also, notice that the stable crack growth region for
the as-printed specimen is significantly smaller than the other
specimens.

Fig. 11 shows the SEM images of the initiation, crack propagation,
and overload regions of the fracture surfaces of the fatigue specimens
with the highest cycles to failure from each set of specimens, i.e., as-
printed, as-printed and heat-treated, STEP with sulfur and iodine, and
STEP with sulfur only. Failure is initiated at different locations on the
surface for all the specimens depending on the depth of the notch-like
features and their sensitivity to the cyclic loading, i.e., failure initiates
at the largest defect if their shape factor is similar [27]. The fracture
surfaces for all the specimens indicate initiation at the surface. The
observed surface crack initiation for all the specimens and the number of
crack initiation sites indicate that STEP will improve the fatigue per-
formance by decreasing the stress concentration due to surface rough-
ness for a defect-free AM part. The as-printed fracture surface is more
tortuous in the fatigue crack propagation region than the rest of the
specimens, which could be attributed to the martensitic microstructure
and the internal stresses in the as-printed specimens. In addition, the
fracture surface appears more jagged in the as-printed fracture surface
than in other specimens in the overload region. Fig. 12 shows the higher
magnification images of the crack propagation and overload regions of
the as-printed and STEP with sulfur fracture surfaces. Ductile striations
were observed in both the as-printed and STEP with sulfur fracture
surfaces. The presence of facets in the as-printed fracture surface,
attributed to the acicular o’ microstructure observed in sub-Section 3.3,
indicates that the failure is a combination of ductile and brittle failure. In
the STEP with sulfur specimen, it is largely ductile failure due to micro
void coalescence. Overall, a combination of the surface finishing and
microstructural aspects of STEP leads to the enhancement of fatigue
performance of AM Ti64 after STEP.

3.6. Demonstration of internal surface finishing

Uniform internal surface finishing is one of the primary advantages
of STEP over other post-processing methods. This section demonstrates
STEP on a high aspect-ratio internal channel on a printed Ti64 block.
First, the printed block is cleaned by sequential sonication in deionized
water, acetone, methanol, and isopropyl alcohol for 5 min each, then
dried with compressed Ny gas. Then the block is placed in the tube
furnace, and sulfidation with sulfur and iodine is carried out at 750 °C
for 12 h and quenched in water with the help of the setup described
earlier. Next, the sulfidized block is etched in a solution of 5 M H2SO4
and 0.25 M NayMoOg4. The sulfidation and etching were repeated five
more times, and each cycle increased the internal channel width by
about 15-40 um. The parts need oversizing to account for the material
removal to achieve surface finishing. Fig. 13 shows the printed block
before and after being subject to six STEP cycles with sulfur and iodine
and the side view of the internal surface before and after STEP. The
surface finish significantly improved after eliminating surface irregu-
larities on the internal surface. In addition, decreasing the surface
roughness of the internal surfaces will decrease the surface crack initi-
ation sites, thereby improving the fatigue performance of printed parts
with internal surfaces. This process can be extended to any internal or
external surface to improve the surface finish and fatigue performance,
provided the surfaces are fluid accessible.

4. Conclusions

We demonstrated a sulfur-based STEP as a post-processing technique
to improve the surface finish of AM Ti64, including parts with internal
surfaces. STEP with sulfur improved the fatigue cycles to failure by 340
% over the as-printed specimens. The enhanced fatigue performance of
the STEP specimens was studied by characterizing the surface rough-
ness, microstructure, and fracture surfaces. The surface finishing from
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STEP delayed the fatigue crack initiation by decreasing the surface
roughness parameter S,y by 55 % from 84 + 11 ym to 38 &+ 19 pm.
Furthermore, the transformation of some of the fine acicular o struc-
tures to a + p lamellar microstructure during STEP resulted in higher
ductility that decreased the sensitivity to surface roughness and
increased the resistance to crack propagation. Overall, the fatigue per-
formance improvement is a combined effect of the decrease in surface
roughness and the change in microstructure from STEP. Lastly, we
demonstrated how these improvements easily extend to internal sur-
faces with STEP, which is challenging or impossible with other post-
processing methods.
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