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Abstract: Additive manufacturing (AM) offers many advantages for the mechanical design of metal
components. However, the benefits of AM are offset to a certain extent by the poor surface finish
and high residual stresses resulting from the printing process, which consequently compromise
the mechanical properties of the parts, particularly their fatigue performance. Ultrasonic impact
treatment (UIT) is a surface modification process which is often used to increase the fatigue life
of welds in ship hulls and steel bridges. This paper studies the effect of UIT on the fatigue life
of Ti-6Al-4V manufactured by Direct Metal Laser Sintering (DMLS). The surface properties before
and after the UIT are characterized by surface porosity, roughness, hardness and residual stresses.
Results show that UIT enhances the fatigue life of DMLS Ti-6Al-4V parts by suppressing the surface
defects originating from the DMLS process and inducing compressive residual stresses at the surface.
At the adopted UIT application parameters, the treatment improved the fatigue performance by
200%, significantly decreased surface porosity, reduced the surface roughness by 69%, and imposed a
compressive hydrostatic stress of 1644 MPa at the surface.

Keywords: fatigue life improvement; materials characterization; additive manufacturing; ultrasonic
impact treatment; DMLS

1. Introduction

Additive Manufacturing (AM) offers great promise to the medical [1], aerospace [2], automotive
and defense fields [3-5]. It provides the advantage of building complex geometries by fabricating
3D objects one layer at a time using rendered CAD models [6], as a result, several techniques of
AM have been developed, including, Electron Beam Melting (EBM) [7], Selective Laser Sintering
(SLS) [8], Selective Laser Melting (SLM) [9], and Direct Metal Laser Sintering (DMLS) [10]. Another
advantage of AM lies within the wide range of materials that can be manufactured such as plastics [11],
metals [3,12-14], ceramics [15], concrete [16] and fiber reinforced polymers [17], among others. The AM
of metals are of particular interest to the production of dental implants, aerospace components, and
automotive structures [18]. Today, stainless steel [19,20], nickel alloys [21,22], aluminum alloys [23,24]
and titanium alloys [25,26] are common materials for metals AM.
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DMLS is one of the most common AM processes for 3D printed metals because it maintains
dimensional control while producing complex features at high resolution [3]. There are two primary
methods of manufacturing by DMLS: powder bed and powder deposition [27]. Powder bed methods
rely on a high energy source, typically a laser (although some similar systems use electron beams),
to locally sinter or melt metal particles on a powder platform. New powder layers are periodically
added while the platform is levelled to accommodate the addition of new material. The 3D model is
constructed in a single vertical direction [6]. Alternatively, powder deposition directly deposits the
metal powder and melts it in place using a high-powered laser [28]. Unlike the powder bed method,
which is typically restricted to one type of alloy, powder deposition has the ability to include different
metal powders for functionally graded materials [29].

This process however, also has a number of drawbacks. Parts produced via DMLS typically
have poorer mechanical properties compared to those produced by traditional means, which has
relegated the potential uses to prototypes and short-term tooling operations [30]. Incomplete powder
melting often leads to very rough surface finish and porosity, which in addition to being aesthetically
displeasing also compromises fatigue life and can be a significant issue for wetted surfaces of air and
water craft [29,31]. In addition, the rapid heating and effective quenching of the metal results in a
highly martensitic microstructure in most alloys [32]. While this produces a material with a high yield
strength, it is also intensely brittle [32]. Though the microstructure resists the formation of cracks, once
the cracks themselves form, the propagation of the cracks is quite rapid [33]. The high temperature
gradient involved in these processes frequently causes thermal stress that compromise the fatigue
performance of metals produced by DMLS techniques.

Titanium alloys such as Ti-6Al-4V are commercially available for additive manufacturing. Due
to its high strength to weight ratio and fracture toughness, it is an ideal alloy for a wide range of
applications in the aerospace and biomedical engineering fields [34]. For instance, Ti-6Al-4V alloy is
used in dental laboratories for medical implants and prosthetics due to its corrosion resistance, high
specific strength as well as its biocompatibility characteristics. AM also allows for the creation of porous
titanium structures that help facilitating bone ingrowth and adhesion for implants [35]. Advances
in topology optimization allows for hyper-efficient geometries to be produced exclusively through
additive manufacturing. One notable example includes the Airbus A320 nacelle hinge bracket which
was eventually produced by AM [36]. With the many advancements in the field of AM, the production
of titanium parts has become economically viable. Hence it is imperative that the fatigue properties
are improved for the next generation of additively manufactured titanium components [33,37-40].
In the case of Ti-6Al-4V, the hexagonal close-packed (HCP) « phase and trace amounts of a body
centered cubic (BCC) 3 phase are almost entirely replaced with the martensitic o’ phase. The poor
surface finish and high porosity are also factors that offset the microstructural characteristics on the
fatigue performance.

The demand for functional AM parts has been rising as high reduction in assembly costs are
available coupled with decreases in mass. One example is the fuel nozzles for the General Electric
(GE) LEAP engine have been additively manufactured to be 25% lighter while eliminating previous
models that required laborious assembly. Its successful design has now been 3D printed more than
30,000 times since its conception [41]. With the increasing demand for metal AM, researchers have
begun to develop techniques to improve the fatigue performance by improving the surface finish and
by inducing compressive residual stresses at the surface. Shot peening [42], Ultrasonic Nanocrystal
Surface Modification (UNSM) [43—46] and grit blasting [47] are well known examples of beneficial
treatments on AM of metals. However, none of these processes were able to address all the following
simultaneously: surface roughness, surface porosity, fatigue life and tensile residual stresses.

Studies have shown that Ultrasonic Impact Treatment (UIT) improves the surface finish and
fatigue properties in the field of post-welding [48]. UIT is a process in which an indenter vibrating at
ultrasonic frequencies slides over a surface. This treatment plastically deforms the surface, improving
the surface finish while inducing and redistributing residual stress in the part resulting in enhanced
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fatigue life [48]. UIT devices operate by inducing plastic deformation from the indenter or impact
needle by first exciting a transducer by a controlled voltage input. The power source directly controls
the oscillations exhibited by the transducer, which sends its frequencies to the sonotrode (ultrasonic
horn) [48]. The research of E. Statnikov et al. [49] compared a variety of methods that improve the
fatigue life of welded joints. Other similar methods include Hammer Peening, Shot Peening and
Tungsten Inert Gas (TIG) dressing. An improvement of 65% was observed in the UIT joints. In B.N.
Mordyuk et al. [50] investigated the enhancements that occur in the surface layer of ultrasonic impacted
specimens. It was concluded that the compressive residual stresses and work hardening of the surface
layer attributed to the improvement in fatigue properties of processed specimens. A.L. Dekhtyar et
al. [51] concluded that at high stress levels, UIT-processed Ti-6Al-4V has a fatigue life that is twice
of the pristine (untreated) samples, and a roughness reduction Ra of 75%. While UIT is widely used
in fatigue improvement of welded joints, the aim of this paper is to treat the surface of Ti-6Al-4V
specimens produced by DMLS using UIT to improve roughness, increase hardness and induce surface
compressive residual stresses to enhance the fatigue life of the components.

It is well known that the resistance to tensile fatigue of a metal will increase by the addition of
compressive stress [37]. UIT compares favorably to other surface treatments due to its higher impact
forces [48]. Quantifying this level of stress by the cold working of the surface for titanium alloys can
prove to be beneficial in future engineering applications, as evaluation of impact forces between the
pins and the metal surface of UIT is under researched. Force estimations for other cold hardening
treatments such as shot peening have been measured. One method used acoustic emissions for
velocities of 30 to 88 m/s; however, this was not able to properly determine the impact force [52]. Many
other techniques have been developed for measuring shot peening impact forces, which include a shot
peening intensity detector; however, most methods cannot be directly applied to measure forces for an
ultrasonic impact device [53]. Research into the optimization of UIT parameters has led to the use of
oscilloscopes for defining the impact characteristics between the pin and the metal surface [48,54]. The
frequencies were able to illustrate the ultrasonic deformations and elastic recovery of the process. The
frequency patterns are also able to show the stochastic nature of the impacts that are influenced by
both the impact depth and plastic deformation. An additional experiment presented in this paper is
conducted to quantify impact forces during UIT on DMLS printed titanium specimens.

2. Materials and Methods

2.1. Specimens Manufacturing

Flat dog-bone fatigue specimens were manufactured in accordance to ASTM E466-15 [55] for force
controlled fatigue testing. Figure 1a illustrates the dimensions of the dog-bone in millimeters. The
titanium dog-bone specimens were built using Ti-6Al-4V grades 23 powder from AP&C, composed of
between 5.5 and 6.75 wt% aluminum, 3.5 and 4.5 wt% vanadium and <0.25 wt% iron and trace amounts
of <1 wt% impurities such as oxygen, nitrogen and hydrogen with the balance being titanium [56].
The 3D printer used to manufacture the specimens was an EOSINT M290/400W machine following a
general process parameter of layer thickness of 30 um and volume rate of 5 mm?/s where the volume
rate is a measure of the build speed during laser exposure of the skin area [57]. The process parameters
are optimized in such a way as to provide mechanical properties comparable to other literature [58].
The particle size ranged from 15 to 23 pm and the printing layers thickness were 60 um. The specimens
were heat treated in accordance to AMS 2801 to relieve the residual stress induced by the rapid melting
and solidification that takes place during the printing process [26,59]. Figure 1b shows the printing
orientation, where the printing platform lies in the x—y plane. A single 2D layer is formed on the
platform when the laser beam sinters particles starting from the left end and moving towards the right
end of the dog-bone shown in Figure 1.
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Figure 1. Specimens design and preparation. (a) Schematic of flat sheet fatigue specimen with
rectangular cross-section; (b) orientation of the specimens during DMLS manufacturing process.

When the layer is completed, the platform is levelled in the z-axis allowing a new layer to be
added on top of the previous one. Wire Electrical Discharge Machining (EDM) is a precise cutting
technique that minimizes the need for excessive post processing machining and was used to breakaway
support and remove the specimens from the platform [60]. Lastly, the edges were then polished using
an emery cloth of grades 120 and 220 [61].

2.2. UIT Device

The UIT device, displayed in Figure 2, is a 20k Ultrasonic Impact Treatment device, DW-CJ20-1000
produced by Dowell Ultrasonics [62], typically used as a hand-held tool for post-welding processing.
It consists of a power supply, shown in Figure 2a, the UIT tool, shown in Figure 2b, the impactor
head, shown in Figure 2c and the ultrasonic generator, shown in Figure 2d. It is equipped with
slots for four impactors, but for the purposes of this experiment—only one impactor was used, as
illustrated in Figure 2c. To provide automated control, a custom-built fixture is used to attach the
device to the spindle of a Computer Numerical Control (CNC) Mill. Figure 2e shows the treatment
path programmed to minimize the surface roughness while obtaining a uniformly deformed surface.
The scanning speed of the CNC machine was set to 1000 mm/min. The spacing between the scans is
known as an interval. Amplitude control of the device is controlled by a Fagor 8035M controller [63]. A
constant amplitude of 57% of 40 pm was used during treatment as testing showed that this amplitude
provided the most consistent plastic deformation of the surface without damaging the samples. The
interval for treating titanium alloys typically ranges between 10 and 70 um [43-46,64]. The path
contours were chosen to increase outwards at 71.1 um intervals to match previous efforts and research
into surface treatments on titanium [43,44,65].
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Figure 2. UIT system and application pattern. (a) Power supply unit; (b) side view of the UIT device;
(c) front view of the UIT device showing impactor position; (d) ultrasonic generator; (e) schematic of

treatment path.

2.3. Specimens Fixture

To apply the UIT a new fixture was designed, as shown in Figure 3. The Ti-6Al-4V specimens
were clamped to an aluminum plate that was supported by four steel rods and four aluminum sleeves,
as illustrated in Figure 3. The plate can freely slide along the rods and its motion range is limited
to four high precision springs from McMaster Carr [66] placed between the plate and the end of the
supporting rods. Compressing the springs allows for a constant static force to be applied onto the
samples during treatment. By pushing the UIT device into the plate and compressing the springs a
certain distance, the amount of static force can be determined. Aluminum cutting fluid [67] was used
to lubricate the rods so that the plate could freely move by the springs. For this experiment, a static
force of 30 N was applied at the tool specific constant frequency of 19.86 kHz.
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Figure 3. Spring assembly fixture with a clamp mounted to the CNC machine.
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2.4. Fatigue Testing

Force controlled fatigue tests were undertaken with a servo-hydraulic 810 Material Testing System
(maximum load 100 kN) [68]. The MTS consists of an upper and a lower clamping grip. For consistent
and precise alignment, a fence was attached to each grip. All specimens were tested under a clamping
pressure of 5.52 MPa, frequency of 25 Hz, maximum stress level of 400 MPa and mean stress level of
200 MPa.

2.5. Microscopy

Microscopic observations were conducted using a combination of optical and scanning electronic
microscopy. The former was performed with an Inverted Trinocular Metallurgical Microscope including
an AmScope 18 MP MU 1803 Camera [69]. Electron microscopy was performed with a Zeiss GeminiSEM
500 at the University of Ottawa’s Centre for Photonics Research [70].

2.6. Roughness

Roughness measurements were performed using DektakXT Stylus Profiler by Bruker [71]. A Peak
and Valley analysis was conducted to determine the relative roughness of each sample. As illustrated
in Figure 4, a lateral and a longitudinal line scan is performed on each side of a specimen. The scans
intersect to form a cross. Roughness measurements were taken over 2 mm in each direction and the
results are averaged.

Y -+

T > x
Figure 4. Orientation of line scans for surface roughness.

2.7. Hardness

Rockwell hardness was used to analyze the difference in hardness between treated and untreated
specimens following the testing standards of ASTM E18-18a [72]. A Rockwell C test was performed
using a test force of 150 kgf on treated and untreated specimens using “The Portable Rockwell Hardness
Tester” by Bowers [73].

2.8. Residual Stresses by X-ray Diffraction

Residual stress is defined as the stress remaining in a solid material after an applied force or
plastic deformation has taken place. UIT imposes a high plastic strain at the surface of the treated
surface, which results in compressive residual stresses. X-ray diffraction (XRD) is a non-destructive
method for analyzing the residual stress in a material and is the method of choice for this paper.

Chemical etching of the surface was applied to remove suspected amorphous or oxide material
layers, potentially caused by initial stress relaxation treatment. The effect of etching the surface and
XRD quality of the scans is illustrated in Figure 5. Peak shapes become much clearer and better defined.
It is also important to note that mechanical polishing or grinding will cause lattice strains to be formed
at the surface and are not recommended for cleaning samples for residual stress measurements [74]. To
conserve and reveal the surface stress layer, a chemical etchant—Kroll’s Reagent—was used to remove
small amounts of material from the top of the treated and untreated titanium specimens [75,76]. The
amount of material removed from the surface was measured to be on average ~ 8 um.
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Figure 5. XRD Comparison between etching and without etching.

It is suggested by P. Mercelis et al. [40] that the surface porosity of DMLS manufactured parts
poses difficulties for measuring residual stresses due to the presence of zero-stress porosity borders.
Stress discontinuities on the surface result in lower residual stresses to be measured than in reality.
Hence, cleaning the surface of the samples through etching would also help to reduce the effects of
roughness and porosity that may negatively affect the XRD measurements.

The XRD measurements were taken using a Malvern Panalytical Emperyean [77], shown in
Figure 6b. The machines power was set to 40 kV with a current of 40 mA for a strong signal
response—particularly at higher rocking angles. A half degree diffraction slit was used with a mask
size of 2 mm and an anti-scatter slit of 2°. The diffraction arm was a Branson Bragg attachment with a
0.04 mm slit. The incident arm was equipped with a 0.04 mm slit and a 9.1 mm opening.

Figure 6. XRD System. (a) Drawing of diffraction directions along the surface and at angles ¢ and ¢.
Both 01 and o3 are perpendicular and reside in the plane of the specimen surface; (b) sample oriented
at 0° on multi-purpose stage of Emperyean system.
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The analysis method for computing the stress tensor was the Winholtz-Cohen Least squares
Analysis [78]. A total of 36 measurements per sample were used for the analysis, each representing a
unique tilt and azimuth angles. The chosen x-ray elastic constants of the DMLS Ti-6Al-4V specimens
where 2.355 x 107> MPa™! as the S, constant and —2.9877 x 107® MPa™! for the S; constant [65,79].
These constants are the interplanar properties for the bulk alpha phase of the metal alloy. The X-ray
wavelength was set to 1.519 A.

The specimen coordinate system had the azimuth or phi (¢) of value zero lined up with the
horizontal direction (X) as illustrated by the cross seen in Figure 6a. The tilt angles or psi (1) is shown
in Figure 6a where the 0° begins at 90° from the samples surface.

2.9. Estimation of Impact Force

A piezoelectric force sensor was used to estimate the impact forces at the surface during treatments.
To measure the reaction forces at the surface; an alternative fixture was developed to house the sensor
and impact plates. This fixture contains linear ball bearings instead of steel bushings to guide the plate,
as seen in Figure 7a. The support rods were thickened, and the four previous compression springs
were replaced with two larger springs. Proper calibration using a strain gauge was performed so that
the correct amount of static force could be determined based on the compression of the spring system.
The sensor was attached to the moving plate on the fixture with a titanium specimen used as an impact
cap. Operation of the UIT during the estimation of impact force was controlled in much of the same
way as during the UIT. The sensor would register the forces from the UIT impacts on the titanium cap.
For simplistic design, the cap was a repurposed fatigue specimen.

Figure 7. Experimental setup for impact force estimation. (a—c) Impact force fixture; (d) impact areas
and distances.

Due to the design of a repurposed fatigue specimen as an impact surface, reaction forces can be
registered by the sensor depending on its distance from the impact. The titanium cap was treated as
a double supported beam with one end constrained by a bolt and the other end constrained by the
sensor using a double-sided thread. The double supported beam assumption allows for a simple ratio
to be developed based equilibrium of moments to solve for the actual impact forces. A diagram of the
impact set up can be seen in Figure 7b,c The selected distances between the sensor and the impact
region are displayed in Figure 7d, where d; is 8.89 mm and d; is 47.752 mm. The relationship between
the sensor reaction force and the impact force is presented in Equation (1).

dy
Fimpact = _FSensor'd_ll 1)
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where Fimpact is the force of impact and Feensor is the force registered by the sensor.

Data acquisition was performed using a Lecroy WaveSurfer 3000 Oscilloscope [80]. The force
sensor was a PCB piezoelectric force sensor model 208C05. The force range of the sensor was 0 to 4500
kegf. The conversion from voltage to force was assumed to be linear with a sensitivity of 0.2170 mV/N
(£15%).

Calibration of the sensor was checked using test procedure AT501-5. The amplifier gain of the
sensor was set to 100. Additional shrink tubing was added between the sensor and the wire nuts to
prevent vibrations during testing from unscrewing and ejecting the wires from the sensor. The peak
voltage read by the sensor for a short ultrasonic impulse was regarded as the impact force for a given
static load. The compression of the springs drives the static load with the total stiffness of the system
equal to 3.06 N/mm.

2.10. Microstructural Analysis

The effect of the UIT on the microstructure of the material was investigated through Light
Optical Microscopy (LOM) and Scanning Electron Microscopy (SEM), the latter being done with both
secondary electron and backscatter electron (BSE) detection. Metallographic samples were cut from
tensile specimens and mounted in a resin made from phenocure combined with ~15% Technotherm
conductive powder for improved SEM performance [81]. Samples were polished with an Allied High
Tech MetPrep 3 system with a PH-3 powerhead [82], using SiC paper with a CAMI Grit designation
ranging from 120 to 1200 [82], followed by a polish with a suspension of 30% 0.3 pm alumina particles
and a final polish of 30% H>O, and 30% 0.05 pm particles [83]. Samples were etched prior to microscopy,
using both classical Kroll’s reagent and a 10% HF etchant for better grain boundary definition, in
keeping with ASTM Standard E407-99 [84].

3. Results and Discussion

3.1. Fatigue Life

A stress-controlled fatigue test was conducted according to DIN 50100 [85] and based on a
logarithmic normal distribution. Table 1 displays the fatigue life of Ti-6Al-4V specimens before and
after UIT application. The specimens were tested in a servo-hydraulic 810 Material Test system (MTS)
at a peak stress level of 400 MPa and minimum stress of 0 MPa. The average number of cycles for the
treated and untreated specimens is compared in Figure 8.

Table 1. Fatigue life of treated and untreated specimens at 400 MPa.

Specimen Number 1 2 3 Average
Untreated 2.39 x 10* 2.77 x 10* 4.02 x 104 2.90 x 10*
Treated 8.47 x 10* 8.84 x 10* 9.63 x 10* 8.97 x 10*

Evaluation of the fatigue performance of DMLS Ti-6Al-4V shows that the fatigue life of untreated
specimens is 77% lower than handbook values [37]. The results in Table 1 and Figure 8 show that
the fatigue life of treated specimens at 400 MPa corresponds to a 200% increase compared with that
of untreated specimens. In other words, the lifetime of the treated samples is three times as long
as untreated samples. D. Cattoni et al. [47] only achieved a 4% fatigue improvement by blasting
Ti-6Al-7Nb, whereas A.l. Dekhtyar et al. [51] prolonged the lifetime of Ti-6Al-4V, manufactured using
the cost-effective blended elemental powder metallurgy technique, by two orders of magnitude after
applying ultrasonic impact treatment.
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Figure 8. Average fatigue life of treated and untreated Ti-6Al-4V specimens tested at 400 MPa.

3.2. Surface Microscopy

Figure 9a illustrates the surface of Ti-6Al-4V as manufactured by DMLS, which is dominated by
the partial melted powder spheres from the additive manufacturing process along with numerous
hills and valleys. Despite extensive cleaning in an ultrasonic bath with organic solvents, the rough
surface still traps surface contaminants. Tracklines formed by the solidification of the powder bed
layers are also visible. These further add to the roughness of the surface and can become sights of
crack nucleation and potentially propagation as well [59]. Figure 9b shows the boundary zone between
the treated and untreated zones, and the contrast is quite striking. The treated zone is of relatively
uniform height, with the spherical powders having been plastically deformed by the impact treatment.
However, even this small image of the boundary zone shows that the boundary is quite ragged, with
“peninsulas” jutting out from the treated zone and small “islands” of treated area that are separated
from the treated zone. The fully treated zone is shown in Figure 9¢, and from simple observation it is
clear that the surface is much less rough and thus much less conducive to crack nucleation.

Figure 9. Specimens surface microscopy. (a) Surface of untreated specimen; (b) boundary zone between
treated and untreated zone; (c) treated surface of specimen. All images taken with SE2 detector at 15 kV.

The UIT had successfully improved the surface finish of the DMLS Ti-6Al-4V, which corresponds
to the improved fatigue performance. Unlike the surface of metals treated by grit blasting and UNSM,
the surface of UIT specimens is not jagged. This is due to the combination of vibrating the indenter at
ultrasonic speeds while sliding across the surface.
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3.3. Roughness

The results from the DektakXT profilometer used to perform a Hills and Valleys profile on both
treated and untreated specimens is displayed in Figure 10. The untreated surface is 3.2 times rougher
than the treated surface. A control factor for fatigue strength in specimens with high surface roughness
is crack propagation, whereas for specimens with low surface roughness it is crack initiation [86].
Additional stress raisers are introduced as a result of rougher surfaces; increasing the number of
potential crack initiation sites. Stress raisers as a result of rougher surfaces will reduce crack initiation
life and the fatigue limit. Therefore, smooth surfaces can be considered as a contributing factor to
the improved fatigue life, as seen by the fatigue performance of the treated samples with improved
surface roughness.
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Figure 10. The average roughness of treated and untreated specimens measured by DektakXT.

The effects of UIT on the AM titanium surface are also observed using a two-dimensional map
scan as shown in Figure 11. The peaks and valley analysis clearly illustrate the effects on both surface
roughness and surface porosity. The untreated surface has a much higher density of hills and valleys
unlike the treated surface, which has a much more uniform surface and less pronounced differences
between peaks and valleys. The highly irregular surface of the DMLS titanium is attributed to the
manufacturing process and incomplete fusion. The final layer of metal powder during printing is
not completely melted and produces a very rough surface. The high impact forces of the UIT helps
diminish these effects and improves the surface quality and fatigue performance.

wr

Figure 11. Roughness map scans between the (a) untreated and (b) treated surfaces.
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3.4. Hardness

The results from Rockwell C tests performed using a test force of 150 kgf are illustrated in
Figure 12, the treated specimens are on average 21% harder than the untreated specimens. However, it
is important to note that the hardness is highly variable in both samples. The lowest hardness values
from the treated sample are roughly equivalent to the hardest values from the untreated sample. This
variability is likely due to the very rough surfaces of both samples. As a result, no statistical conclusion
can be drawn from the hardness data about which sample is harder overall. It can be said that the
hardness of the treated specimen is more consistent than that of the untreated specimen, and that
there are points on the treated specimen that are harder than points on the untreated specimens. This
possible increase in hardness at certain points could be attributed to the work hardening done by the
UIT, a result of the increase in dislocations density at the surface which will resist further deformation.
The increase in hardening could lead to a resistance to crack initiation sites in those locations, which
corresponds to an increase in fatigue life [65].

50
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40 |+ [
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30 J
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20 t
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Hardness (HRC)

Untreated Treated

Specimens
Figure 12. The average hardness of treated and untreated specimens from the Rockwell C test.
3.5. Residual Stresses

For values ranging between 2.5 and 5 pm in depth, residual stresses play a predominant role in
improving fatigue life [51]. Based on the results of the residual stress and residual strain measurements,
shown in Tables 2 and 3, respectively, the success of the UIT can be attributed to high compressive
stresses at the surface of the specimens.

Table 2. Residual stress results (MPa).

Component Treated—Plane 114 Untreated—Plane 211
Stress (MPa) Error (MPa) Stress (MPa) Error (MPa)
o1 -19x10° 45 -3.0 x 102 20
02 -1.8x10° 45 -2.8x 102 22
033 -12x10% 26 -2.1x10% 12
012 27 6.0 -0.9 2.7
013 -1.1 6.0 1.1 25
023 37 22 19 9.3
ovMm 6.0 x 102 48 84 21

L/3 -1.6x10° 68 —2.7 %102 32
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Table 3. Residual strains results.

Component Treated—Plane 114 Untreated—Plane 211

P Strain Error Strain Error

&1 -72x1073 1.8 x 1074 -1.1x1073 7.9 %x107°
& -6.7 x 1073 1.7 x 1074 —9.7 x107* 7.8 x 107>
£33 2.1x107° —45x%x 1078 -15x107* 8.8x 1076
£12 32x104 7.4 %x107° -1.0x107° 34x107°
£13 -1.3x107° 7.4 %x107° 1.2 % 107> 3.1x107°
£3 44 %104 2.7%x1074 22x%x107* 1.2 x 1074
evMm 47 %1073 56x10™4 6.6 X107 24x1074

These stresses help minimize the generation of tensile stresses at the surface due to cyclic loadings
thereby suppressing crack formation and nucleation [49].

The high compressive stresses help minimize the damage caused during cyclic loading by shifting
the mean stress downwards. This eventually leads to longer life in the part as compressive stresses
will lower the stress ratio. Experimental data has shown that as the stress ratio becomes increasingly
negative, longer lives were measured. This can be explained by compressive surface stresses preventing
dislocations from moving within the material. The hydrostatic stresses for each tensor reveal the same
trend; the untreated sample had a hydrostatic stress of —265 MPa while the treated sample had —1644
MPa. A high compressive hydrostatic stress could also represent an increase in fatigue resistance due
to UIT.

3.6. Impact Force Quantification

The impact force with respect to the variation of compressive static force was obtained. The results
show that for a static force between 0 and 10 N, the impact force is relatively constant and is on average
20 kN. After which, the force steadily increases up to 72 kN when the static force is equal to 30 N. The
trend is slightly parabolic and impact forces at zero newton of static force were measured to be slightly
higher than at 10 N of static force. The impact force on the fatigue samples is thus 72 + 11 kN. For
every second, approximately 2.1 X 10* + 6.0 X 102 impacts occur at a static force of near zero, seen in
Figure 13. This would mean that for an amplitude of 57% of 40 um the average absolute vertical speed
of the indenter is 0.94 x 0.03 m/s.

05
o A A - it VIS :
0.3 1'al F °

02 ‘

0.1

Figure 13. Force vs. time as measured by the force sensor.

The high impact forces are due to metal on metal deformation between the steel pin indenter and
the titanium surface. High forces are registered due to the high modulus of elasticity of the mediums
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and by the ultrasonic vibrations and stress waves [48]. Another factor to consider for high impact
forces are due to impulses occurring over a very short time period. The force versus time plots in
Figure 13 show the readings of the oscilloscope of a low static force. When minimal static forces are
present, the force pattern is rather predictable and consistent. As the static force is increased, the
level of stochastic behavior increases dramatically, as seen in Figure 14. The increased randomness is
attributed to the increase in plastic deformation which creates widening gaps with varying depth. The
subsequent plastic deformation on the surface will then begin to slightly alter the impact forces slightly
due to both work-hardening and rebounding forces from the support springs.

Impact Force (kN) vs. Static Load (N)

90

80 A
70 A

60 A

0 § ¢

20 A i

10 A

Impact Force (kN)

0 T T T T T T
0 5 10 15 20 25 30 35

Static Load (N)

Figure 14. Impact force (kN) vs. static load (N).

The impact force on the surface, given one UIT needle, can be replicated if an equivalent force
is used to generate the plastic deformation. Hence, other work hardening processes can achieve the
same effects of the UIT if similar impact forces are used combined with a transverse velocity along
the surface. Possible errors in the impact force assessment can be attributed to off-axis impact forces.
Loads applied to the side of the sensor may cause higher than normal readings. This is a result of
coupling forces acting on the sensor. However, calibration between the distances of the applied load to
sensor was made to ensure that off-axis effects are diminished.

The saturation point of the sensor was reached once the static forces approached 30 N as it was
close to the maximum range of the sensor. Any other force impact reading after the saturation point
would not have been reliable as the sensor would have been destroyed. It is unknown what impact
forces are possible after 30 N as extrapolation of the data is within an area of high uncertainty. The
results are also calibrated for the UIT fixtures set up which includes a spring-loaded system. The
springs vibrations combined with the indenter’s oscillations creates a varied and stochastic process
leading to large error bounds during the treatment process. The reaction forces of the springs may also
contribute to higher than normal impact forces. Due to the calibration of the sensor in combination
with the fixture, there is a level of specificity in the force calibration curve that may limit its applicability
for future engineering applications.

3.7. Microstructure Analysis

As mentioned previously, the rapid heating and cooling cycle created by most forms of additive
manufacturing processes results in a heavily martensitic microstructure. In the case of Ti-6Al-4V, this
is characterized by a so called “basket-weave” pattern. The comparison between the microstructure
of conventionally wrought Ti-6Al-4V, shown in Figure 15a, and the microstructure of additively
manufactured Ti-6Al-4V, shown in Figure 15b, is quite striking. The basket-weave pattern of the
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overlapping o phase is quite visible, compared to the more randomly orientated microstructure
produced by more conventional means.

Figure 15. Optical micrographs of (a) Wrought Ti-6Al-4V and (b) DMLS Ti-6Al-4V.

Neither optical microscopy nor electron microscopy of the treated vs. untreated samples showed
a significant change in microstructure. In both cases, the distribution of the «” and 3 phases appear
randomly distributed, with no obvious relationship between the 3 phase and the surface of the
specimens, as seen in Figure 16a,b. Due to the low temperatures observed during the cold working
(the samples were too hot to touch immediately after processing, but did not show any evidence
of oxidization) the samples never reached a point where dynamic recrystallization could occur, so
microstructural changes would be unlikely.

¥~~ B phase

\

Figure 16. SEM micrographs of (a) UIT applied and (b) untreated specimens, BSE at 30 kV.

In both cases (3 phase “needles” were observed at various angles to the surface of the sample, and
their lengths were relatively consistent with an average 17.2 um at the surface in the untreated region
and an average 16.8 um at the surface of the treated region, a 2.3% difference. This suggests that the
predominant mechanisms of fatigue life improvement are the addition of compressive residual stress
and surface roughness improvements.

4. Conclusions

By applying UIT to the surface of DMLS Ti-6Al-4V, a nearly three-fold increase in fatigue life
for cyclic stress levels of 400 MPa was achieved. This improvement can be attributed to the several
aspects of the treatment, reduction in surface porosity, a decrease in surface roughness and possibly
causing local increases in hardness. By cold working the surface, the barrier for crack nucleation is
increased and delaying the onset of fatigue cracking at the surface. The large compressive stresses
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imposed by UIT on the treated area also suppress crack propagation by offsetting tensile stresses at
the surface during cyclic loads. In addition, improved surface finish due to UIT can help to reduce
the number of potential sites for crack nucleation by reducing surface porosity, again delaying the
onset of crack formation. The impact force of the treatment was determined to be 72 kN and a curve of
impact force versus compressive static force was developed. Microstructural observations did not
demonstrate any significant change between treated and untreated specimen edges, suggesting the
predominant mechanisms of the treatment are the surface modifications and compressive residual
stress. In conclusion, UIT can successfully improve the surface finish while simultaneously improve
the fatigue life.
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