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Abstract: The finishing of additive manufactured (AM) components is crucial for endowing them
with fatigue resistance. Unfortunately, current AM processes naturally promote anisotropic surface
characteristics that make it challenging to optimize finishing processes. In this study, bead-blasting is
explored as a process for finishing Electron Beam Melted (EBM) Ti-6Al-4V. The effects of anisotropic
roughness characteristics on the mechanics of bead-blasting are delineated using surface texture
measurements via optical profilometry and residual stress measurements via X-ray diffraction. As-
received surfaces resulting from AM, as well as those that have been Electrical Discharge Machined
(EDM), are studied. It is seen that pre-processed roughness textures heavily influence the final
textures and residual stresses. These linkages are quantified using a plasticity index as the governing
metric—a rougher surface features a larger plastic index, which results in comparatively greater
evolution of its texture characteristics than a smoother surface after equivalent bead-blasting treat-
ments. The mechanics of this evolution are delineated using energy-controlled indentation as a model
representing a single impact in bead-blasting. It is seen that rougher surfaces featuring complex
textures in as-received states also produce complex stress states featuring a greater level of locally
tensile stresses during indentation compared with smoother surfaces. Approaches to address these
complications are proposed that can potentially transform a printed, non-functional surface into one
that is optimized for fatigue resistance.

Keywords: additive manufacturing; electron beam melting; bead-blasting; surface roughness; residual
stress

1. Introduction

Powder bed, additive manufacturing (AM) processes are a popular means to print
metallic, near-net-shape parts. Using these processes, a part is printed in layers. For each
printed layer, a high energy beam, typically a laser or electron, traces a pattern on a bed of
powder overlaying a previously printed part layer. The beam melts the powder as well as
one or more previously solidified layers of the part. The resultant melt pool solidifies to
yield the shaped part with a new layer of metal.

The texture of a printed surface varies with surface orientation relative to the build
direction. Two factors that principally affect it are stair-casing and partial powder solidifi-
cation. Stair-casing [1] results from the discrete, layer—layer solidification of a surface. It
leaves behind ridges with nearly repetitive peak-to-peak spacing. The peak-to-valley height
of the ridges is most pronounced on surfaces that are neither parallel nor perpendicular to
the build direction. The peak-to-valley height is typically much smaller on vertical, ruled
surfaces that are parallel to the build direction. Stair-casing is typically not observed on
top and flat surfaces orthogonal to the build direction. Partial powder solidification [2]
results from metal powder lying partially outside of the melt pool. This results in metal
globs fusing to the stair-cased surface. It affects all surfaces, except for top, flat surfaces
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orthogonal to the build direction. The texture of downward facing surfaces is typically
dominated by this effect and exceptionally rough.

A printed surface typically lacks the geometric precision and smoothness required
for typical, functional surface requirements. Consequently, hard-tool machining processes,
such as machining or grinding, are applied to critical regions to strip away a thin layer
(typically less than 1 mm) of metal to generate functional surfaces. Ordinarily, the total area
of these functional surfaces is but a small fraction of the total part area. For most applica-
tions, this is all the surface modification that is required. However, for high-performance
fatigue applications, secondary processes are applied to smooth the non-functional surfaces.
These secondary processes are much faster and cheaper to apply than hard tool machining.
Surface smoothing maybe achieved either through metal subtraction or metal redistribu-
tion. An advantage of the latter is that it is typically accompanied by the development of
compressive residual stresses within the surface and surface sublayer. This is desirable
since it further enhances fatigue resistance.

A process that is commonly used for metal redistribution is bead-blasting [3,4]. This
process involves spraying glass beads onto the treated surface using pressurized air. The im-
pact of individual glass beads with the surface plastically deforms asperities and results in
the accumulation of plastic deformation in the sub-surface volume, whereby the creation
of compressive residual stresses is realized. The mechanics of bead-blasting have been
extensively studied, and the effects of process parameters, such as coverage [5], bead
diameter, impact velocity [6], distance, angle [7], duration [8], almen intensity [9], media
type [10], and temperature [11], on the resulting surface integrity have been delineated.
Recently, novel modifications to this process have also been proposed, e.g., via temporal
gradients to accelerating pressure, which is gradually increased during surface treatment.
This results in better spatial and temporal control on surface hardening, which eventually
results in a longer fatigue life in components [12].

The effects of substrate hardness on the mechanics of bead-blasting are also well
investigated. In very hard and brittle materials, such as ceramics, bead-blasting can deteri-
orate surface quality by generating cracks [13], unless the process is precisely controlled
by tuning its parameters [14,15]. Nonetheless, bead-blasting is often performed on hard
metallic surfaces. This is because thicker surface hardened layers, e.g., those resulting from
case hardening, result in the percolation of plastic strains that originate from bead-blasting
to larger depths compared with analogous substrates that are not case-hardened [16]. This
percolation produces beneficial compressive residual stresses up to greater depths un-
derneath the surface, which increases fatigue life [17]. The mechanics underlying these
phenomena and their microstructural underpinnings have been delineated using finite
elements [18-21]. The effect of the currently existing mechanical state quantified as its
initial residual stress field (IRSF) has also been studied. Sherafatnia et al. showed that a
tensile IRSF on the surface of a thin sample increases the depth of compressive residual
stress that result from bead-blasting. Conversely, such an IRSF decreases the depth of
the same for thick samples [17]. Similar studies on samples where IRSF was induced by
welding were carried out by Hatamleh et al. [22] and Sidhom et al. [23].

An important aspect of the impact treatment processes that likely affect their me-
chanics and eventual efficacy is the initial surface roughness condition of the substrate.
Arifvianto et al. investigated the effect of the starting roughness of the samples on the final
roughness attained after surface mechanical attrition treatment (SMAT). They experimen-
tally showed that smoother AISI 316L surfaces become rougher, while rough AISI 316L
surfaces become smoother after processing using SMAT. Further, surfaces that were rougher
to start with ended with larger saturating R, values than surfaces that were smooth in their
starting condition. They hypothesize from these results that the initial surface roughness
can affect the final saturating roughness achievable by bead-blasting. However, initial
roughness characteristics do not affect the work hardening during impact treatment [24,25].
The effect of initial surface integrity on bead-blasting was also studied by Xu et al. They
pre-processed a large surface area of electron-beam-melted Ti-6Al-4V by: (i) end-milling,
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(ii) surface-grinding, (iii) abrasive water-jet-machining, and (iv) wire electric discharge
machining. Subsequently, they performed shot-peening on these pre-processed surfaces.
They reported that the abrasive jet-machined + shot-peened specimens showed the best
fatigue performance. This benefit was attributed to the compound effect of the abrasive
water jet action followed by the shot-peening action [26].

Sample surfaces that are shot-peened are usually flat. However, they can have cur-
vatures associated with them, i.e., they can be convex or concave. Ref. [27] delineates the
effects of curved surfaces on the mechanics of shot peening. It reports that an increase in
surface curvature can be correlated to an increase in the maximum and surface compressive
residual stress after shot-peening. Interestingly, the behavior was found to be similar for
both convex and concave surfaces.

While significant research has been performed on numerous aspects of impact treat-
ments, the effect or surface roughness textures relevant to additive manufacturing on the
mechanics of bead-blasting are not well understood. Currently, research has largely focused
on how surface processing routines can be optimized to reduce surface roughness and en-
hance fatigue life [28,29]. However, how the starting surface texture affects the mechanics of
the impact treatment processes and accompanying residual stress development is currently
unknown. This research attempts to answer this question for metal parts printed from
Ti-6Al-4V powder using the Electron Beam Powder Bed Fusion (EBPBF) process [30,31].
This process, which typically yields greater surface roughness than Laser Powder Bed
Fusion, was chosen for this reason [4,32,33]. This paper first describes an experimental
study that was used to characterize the effect that the starting texture has on surface to-
pography and residual stress evolution. It then presents a plasticity index model that is
combined with surface texture interferometry data to explain the sensitivity of the surface
texture’s evolution to the starting texture. It then presents a micro-scale deformation model
that was used to describe the deformation and residual stress evolution resulting from the
impact of a single bead with a surface whose texture is equivalent to that obtained using
the EBPBF process.

2. Experimental

Ti-6Al-4V samples were printed using the EBM process on Arcam A2 Electron Beam
Melting machine (General Electric, Cincinnati, OH, USA). Arcam specified Ti-6Al-4V
powder was used in the process [34]. The size of the powder particles was about 50 pm
(D 95%). The surface temperature for processing was 750 °C. The parts were printed with
a layer thickness of 70 pym and a beam overlap of 200 um. Beam diameter and power of
the machine were maintained in the range of 0.20-1.00 mm and 50-3500 W, respectively.
The effective contour speed, support speed, and melt speed were ~17.18 mm/s, 50 mm/s,
and 500 mm/s, respectively. A total time of 1200 min was provided for the build to cool
down to room temperature.

Figure 1 shows the two EBM specimens that were printed for this study. While
the aforementioned process parameters were maintained across the two specimens, their
geometry was changed to produce one cube featuring a horizontal top surface and another
quadrilateral with its top surface aligned at 30° with respect to the horizontal. Following
the build, a Hansvedt model DS2 (Hansvedt EDM, Rantoul, IL, USA) wire electric discharge
machine (EDM) was used to cut the printed specimens into various sections along the
dashed lines shown in Figure 1. One of the objectives of this study was to determine the
effect of the as-received surface roughness, which results from additive manufacturing, on
the final roughness and residual stress after bead-blasting. Prior studies have reported that
inclined surfaces resulting from additive manufacturing have higher roughness compared
to the surfaces that are parallel or perpendicular to the build direction [35-38]. Further,
these roughness textures have been shown to assume the greatest R, values when their
parent surfaces have inclinations in the range of 5°—45° [36]. This observation leads to the
choice of a 30° surface for delineating the mechanics of bead-blasting in our study.
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Figure 1. Schematic of the samples: (a) Sample 1 and (b) Sample 2; the dashed lines show the sections
cut from the samples for analysis.

The aforementioned (e.g., as-received and EDM) sections obtained from AM builds
were bead-blasted using Potters C(40-60) metal finishing media (Potters Industries LLC,
143 Malvern, PA, USA) that had a nominal diameter (D 50%) of about 369 um for 300 s.
The size distribution of beads was characterized via laser scattering using the Malvern
Panalytical Mastersizer 3000 (Malvern Panalytical Inc., Westborough, MA, USA). This
duration selected for bead-blasting (300 s) was determined based on references [39-41]. The
blasting unit utilized high-pressure air to accelerate the media. Air pressure of 0.41 MPa
(~60 Psi) was used. The blasting nozzle was maintained using a c-clamp at a fixed height
~216 mm (8.5 inch) and oriented perpendicularly with respect to the surface being treated
(see Figure 2 for setup and bead size distribution).
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Figure 2. (a) The bead-blasting stage with the nozzle clamped on; (b) Bead size distribution.

Surface roughness was measured before and after bead-blasting on all cross-sections
using a Zygo Nexview optical white light profilometer (Zygo Corporation, Middlefield,
153 CT, USA). A 20x x 2x magnification was used to perform the white light profilometry
for sample 1. However, the large roughness in the as-received (top) surface of sample 2
made it more challenging to perform white light profilometry. This challenge was mitigated
by using a smaller magnification of 20x x 0.5x. Various surface roughness parameters,
e.g., Sq, Sq,and S;, were extracted from the white light scans.

Residual stress measurements were performed using a Malvern Panalytical X'Pert3
MRD X-ray Diffraction (XRD) machine that was equipped with a 4-circle goniometer
(Malvern Panalytical B.V., Almelo, The Netherlands). All sections created were scanned
before and after bead-blasting to find residual stress in both states. Residual stresses
were measured via the the sin ) method by characterizing the (1013) peak corresponding
to Bragg angle of 70.8° [42,43]. A £2° window was scanned around this Bragg angle.
A Copper radiation source (A = 1.5604 A) was used with a step size of 0.03° and time
per step of 40 s. A 1.5 mm divergence slit and axial beam mask were used during the
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XRD. Generator tension and current for the experiments were set at 45 KV and 40 mA,
respectively. As the sample tilts at different ¢ angles, the irradiated area changes during the
scan. The maximum area at ¢ = 71.57° was about 70 mm?. The X-ray penetration depth is
limited to 50 pum [44], so the residual stress derived using this method is representative of
that in the surface.

The mechanics of surface deformation during unit impacts in bead-blasting were simu-
lated using the Abaqus numerical finite element package. To this end, energy-controlled
indentation was used as a model of unit impact. This involved quasi-statically indenting
until a predetermined amount of energy had been expended in the elasto-plastic deforma-
tion of the material underneath the surface. Spherical shots (indenters) were treated as
rigid bodies for this simulation. The energies of these simulations were ~1.4 x 10~ Joules,
~8.8 x 1072 Joules, ~4.1 x 10~* Joules, and ~0.001 Joules, which theoretically correspond
to velocities of 7.06 m/s, 56.01 m/s, 120.90 m/s, and 188.81 m/s of media. These calculations
corresponded to spherical media with a diameter of 350 pm and density of 2500 Kg/m?3.
The coefficient of friction between the media and the surface was set as jiy = 0.2. The sur-
face obtained from white light profilometry of sample 2 in Figure 1b was digitized and
transformed into a solid part using the python interface of Abaqus. A cutoff resolution of
16 um was used for ensuring numerical tractability. Indentation was performed on carefully
chosen ‘bumpy’ and 'smooth’ parts of this numerical workpiece, which were characterized
in terms of their local Mean curvature (H). Further, indentation was also performed on a
smooth flat surface as control. The workpiece material was assigned an elasticity modulus
corresponding to Ti6Al4V, e.g., E = 113.8 GPa, and an isotropic Johnson—-Cook plasticity
law with parameters [A, B, n, m, T;,| = [1098 MPa, 1092 MPa, 0.93,1.1, 1941 K] [45]. After the
simulation, changes in the local surface topography and evolution of residual stress fields in
the vicinity of the impact were analyzed.

3. Results
3.1. Evolution of Surface Roughness during Bead-Blasting

White light profilometry was used to measure roughness textures before and after
bead-blasting of the surface resulting from AM. As-received surfaces aligned at 0° and 30°
with respect to the horizontal were studied. These correspond to the top surfaces shown
in Figure 1a,b, whose white light characterizations before/after bead-blasting are shown
in Figure 3a,b, and Figure 3c,d, respectively. In addition, an electric discharge machined
surface obtained from the first sample, i.e., Figure 1a, was also studied, whose white light
characterization before/after bead-blasting is shown in Figure 3ef, respectively. Surface
roughness was measured on the overall surface, i.e., no cut-off wavelength was used.
However, due to the high roughness in the 30° surface, there were ghost errors present in
the profilometry. They were filtered out using a cut-off wavelength of 25 um.

The surfaces exhibited a decrease in roughness values with respect to all three rough-
ness parameters. These changes are reported in Table 1 using parameters S;, S;, and S,
which correspond to the arithmetic mean height, root mean square height and maximum
height, respectively. Percentage reductions in these parameters are (AS;, AS;, AS;) = (57.38%,
55.42%,29.09%), (52.05%, 49.16%, 5.21%), (76.82%, 66.09%, 68.47%), for 0° as-received, 0°
EDM, and 30° as-received surfaces, respectively. The results are shown in Figure 4.
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Table 1. Roughness characteristics S;, S4, and S, and their surface residual stresses.

Roughness Parameter Befosrz (um)After BefoSrZ (um)After Befoi:: (um)After Belzsz ress (M:fat)er
Sample 1, cf. Figure 1a
As-received 5.35 2.28 6.46 2.88 36.54 2591 —345.07 —517.60
EDM 3.90 1.87 4.78 243 27.26 25.84 159.75 —517.60

Sample 2, cf. Figure 1b
As-received 68.08 15.78 58.18 19.73 346.48 109.25 —121.41 —479.26
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Figure 3. Surface roughness profile of: (a) 0° top surface before bead-blasting; (b) 0° top surface
after bead-blasting; (c) 30° top surface before bead-blasting; (d) 30° top surface after bead-blasting;
(e) EDM surface before bead-blasting; (f) EDM surface after bead-blasting.
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Figure 4. Reduction in surface roughness parameters (%) after bead-blasting of the samples.
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The smallest change was seen in the 0° EDM specimen (cf. Figure 3e,f), whereas the
largest change was seen in the 30° as-received specimen (cf. Figure 3c,d). Interestingly,
these changes were found to be monotonically correlated with the starting roughness
values. For instance, the 0° EDM surface which had the smallest average starting roughness
showed a decrease in roughness about 52.05% after bead-blasting. In comparison, the 30°
top surface that had the highest average starting roughness showed a decrease in roughness
of about 76.82%. This suggests that a rougher surface could be expected to exhibit a larger
relative decrease in its roughness parameters for the same extent of impact treatment.
Nonetheless, the roughest surfaces continued to exhibit high roughness values even after
bead-blasting compared to the counterpart surfaces that were smoother to begin with.
For instance, the 0° EDM surface showed an average surface roughness of 1.87 um after
bead-blasting. In comparison, the 30° top surface showed an average roughness of 15.78 um
after bead-blasting.

3.2. Evolution of Surface Residual Stresses during Bead-Blasting

The sin? ¢ method was used to measure residual stress on surfaces in as-received and
shot-peened states. This method relies on the characterization of elastic normal strains from
diffraction peak shifts and relating them to near-surface bi-axial stress o via Equation [46]:

Ikl 1 (ki .
Sﬁﬁlp = S){C }(Uxx + ‘Tyy) + §S§ }(Tq> sin? P (1)
Here, S, = —v/E and %Sy = HT" are functions of material constants, viz. Poisson’s ra-

tio v = 0.34 and Young’s modulus E = 113.8 GPa [47]. The variable s’g‘f/j refers to the normal

elastic residual strain that was measured from the shift of peak {hkl} = {1013} using the
equation sgf} = % — 1. Here, d) refers to spacing of {hkl} planes in the original wrought
state and d refers to spacing of the same plane after AM (as-received /EDM/shot-peened)
state. The value of d, at room temperature (RT = 25 °C) was used, i.e., djo73 = 1.329 A [48].
This formulation requires measuring elastic normal strains at various i values that can be
then fit as linear functions of sin? ¢ using Equation (1), whose slope can then provide the
residual stress 0. Ten measurements were taken per specimen, and these plots are shown
in Figure 5.

The measured values of peak shifts for various values of 1 exhibited linear variations
with respect to sin? . The corresponding linear fits exhibited coefficients of determination
R% = 0.940, 0.976, 0.656, 0.958, 0.096, and 0.972, respectively, for plots in Figure 5af,
respectively. These plots correspond to measurements on 0° as-received, 30° as-received,
and 0° EDM surfaces before and after bead-blasting, respectively. The corresponding
values of residual stresses are listed in Table 1. Before bead-blasting, all but the EDMed
surface exhibited compressive residual stresses. Tensile residual stress are often seen
in as-built conditions after EDM, which might explain the behavior seen here [49,50].
Further, residual stress in as-received conditions were more compressive in the 0° as-
received surface (~—345.07 MPa) compared to the 30° as-received surface (~—121.41 MPa).
However, after bead-blasting using equivalent parameters, all surfaces exhibited highly
compressive residual stresses. Herein, the maximum compressive stresses were seen in the
0° as-received (~—517.60 MPa) and EDM surface (~—517.60 MPa) compared to the 30°
surface that exhibited a slightly smaller compressive residual stress (~—479.26 MPa).
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Figure 5. Plot of d-spacing vs. sin?y of: (a) 0° top surface before bead-blasting; (b) 0° top surface
after bead-blasting; (c) 30° top surface before bead-blasting; (d) 30° top surface after bead-blasting;
(e) EDM surface before bead-blasting; (f) EDM surface after bead-blasting.

4. Discussion
4.1. Reduction of Surface Roughness during Bead-Blasting

Reducing surface roughness during bead-blasting involves flattening roughness tex-
ture peaks due to impact with incident shots by plastic deformation. Analytical treatments
of this phenomena [51,52] suggest that the extent of plastic deformation can be modeled
as the average coefficient of restitution e of impacts with respect to the plasticity index
P of the shot-surface system. The coefficient of restitution e = v, /v; refers to the ratio
of the reflecting velocity of the shot v, to its incident velocity v1. A smaller coefficient of
restitution indicates greater plastic deformation resulting from the impact of shot media
with a surface, which generally indicates a greater texture ﬂattening/ smoothing effect.

The plast1c1ty 1ndex of the shot-surface system is given by P = nKY SR”, where E* given

1- 1/1 v2

by & = + 1 r,- is the Hertz contact effective Young’s modulus of the shot-surface
system, K =1.282 —l— 1.158v1 is the yield coefficient, Y is the yield strength of the surface, S,
is the root mean squared roughness, and R is the radius of the curvature of the roughness
texture. Parameters 17, E1, and 15, E; denote the Poisson’s ratio and Elastic Modulus of the
workpiece and peening media, respectively. A greater plasticity index results from greater
surface roughness characterized as S;, which is enhanced by the simultaneous presence of
roughness texture peaks that feature smaller curvature radii R.

It has been shown that the coefficient of restitution e declines monotonically with
an increase in the plasticity index P [52]. This indicates that a greater plasticity index,
i.e., a rougher surface, generally results in greater plastic strains during an equivalent bead-
blasting treatment, which results in greater flattening of roughness textures. In order to test
the validity of this behavior for our specimens, plasticity indices were characterized for the
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0° as-received, 0° EDM, and 30° as-received surfaces. Parameter E* was calculated using
the Young’s modulus and Poisson’s ratio of Ti-6Al-4V, i.e., (E; = 113.8 GPa, v; = 0.34)
and that of shot media, i.e., (E; = 70 GPa, v; = 0.22). The value of K for Ti-6Al-4V
was calculated using 11 = 0.34 as K = 1.67572. The curvature of roughness features

was calculated using the approach delineated in refs. [53,54] as R = 0.375 m%, where
my = <327§> is the second derivative of the line profile of roughness texture.

Table 2 lists the average radii of curvature and plasticity indices of surfaces in a
pre-shot-peened state. The 30° as-received surface exhibited the greatest plasticity index
P = 716.22,715.58 prior to bead-blasting in the X, y directions, respectively, in comparison
with the 0° as-received surface, which exhibited P = 251.50,163.19, and the 0° EDM
surface, which exhibited P = 88.64,87.06. These plasticity indices suggest that the 30°
as-received surface would undergo the greatest amount of plastic deformation under an
equivalent bead-blasting treatment compared to the 0° as-received surface and the 0°
EDM surface, in that order. In this regard, these surfaces should also exhibit analogous
texture flattening /smoothing effects, which is indeed the case as summarized in Section 3.
For instance, the 30° as-received surface exhibits the greatest reduction in surface roughness
of (AS,, AS;, AS;) = (76.82%, 66.09%, 68.47%) compared to (57.38%, 55.42%,29.09%) for the
0° as-received surface and (52.05%, 49.16%, 5.21%) for the 0° EDM surface, respectively.

Table 2. Average radii of curvature R of roughness texture features and corresponding plasticity
indices P of various surface conditions.

Surface Condition

x Direction y Direction

Radius of Curvature R (um) Plasticity Index P  Radius of Curvature R (um) Plasticity Index P

0° as-received 0.09 251.50 0.67 163.19
0° EDM 0.18 88.64 0.19 87.06
30° as-received 0.03 716.22 0.03 715.58

4.2. Effect of Local Surface Texture on Mechanics of Bead-Blasting

The analysis in Section 4.1 suggests that the spatially averaged efficacy of bead-blasting
is highly correlated to spatially averaged metrics of the as-received surface. To delineate the
mechanistic underpinnings of these effects, unit impacts were simulated with numerically
reconstructed surface texture features relevant to AM. These impacts were implemented
with energy control, in which circular beads with a diameter of 350 um were indented into
the surface until a specified amount of energy was expended elasto-plastically. These beads
were implemented as rigid bodies to ensure that the elasto-plastic energy expenditure was
contributing directly to surface finishing. Two surfaces were used to perform this analysis,
the as-received 30-degree top surface shown in Figure 3c and a perfectly flat surface that
served as control. Moreover, two different zones from the 30-degree top surface were used.
These three incident surfaces were characterized with respect to their mean local surface
curvatures H. This parameter is calculated using Equation [55,56]:

g - EN+GL-2FM
-~ 2(EG-F?)

@

Here, E, F, G, and L, M, N are the first and second fundamental coefficients of a
surface, respectively. If a surface is parameterized as r(u,v) = (x(u,v),y(u,v),z(u,v)),
and r, = g—;, o = g—;, then E = r,-ry,, F =1, -1, G = 1y -1y. Further, L = 7y, - n,
M = ry,,-nand N = ry, - n, where n(u,v) is a vector, normal to the surface r(u,v) at
location (x(u,v),y(u,v),z(u,v)). It is realized that the mean surface curvature values can
depend on the area of the zone selected for their characterization. This complication was
resolved by characterizing the parameter H with respect to increasingly larger areas around
the points of indentation. From this variation, the smallest converging values of the mean
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curvature were selected to characterize the incident surface zones. Figure 6a shows the
original unfiltered 30-deg top-surface profile. Complications that may arise from stochastic
noise originating from the profilometer were eliminated by applying Gaussian low-pass
filters to the surface profiles in the frequency space. This low-pass filter selectively subdued
very high frequencies in the surface profile (see Figure 6b) while preserving roughness
texture features relevant to the larger length scales relevant to our numerical indentation
experiments. Figure 6c shows the generation of this 30 deg top-surface in the FEA model.
The numerical indentation experiments were performed on locations 1 and 2, which are
demarcated in Figure 6a—c. These locations were characterized with respect to their mean
surface curvature as H = 5.6 x 1073 um~!, and H = —6.6 x 1073 um~!, respectively.
The mean curvature fields of these convex and concave zones are shown in Figure 6d,e,
respectively, which correspond to an area of 80 pixels x 80 pixels or ~4265 um?. Finally,
the mean surface curvature of the perfectly flat control surface was H = 0 um ™.

Surface Profile (um)
y(um)

o
Mean Curvature ( um)

X(um)

0 200 400 600 800
X(/zm}

(d)

—~
800DT C 3o T 0.1 '-*E
3 3

bGa “. Y 005 ©
oy 200 = . L
3 5 - ]
X400 S g s
N Q S o s
100 o > 3

200 3 (&)
< 0.05 o

A " 0 a 2(um) 8

200 400 500 800 y(um) x(um) 01 S

X (pm)
(b) (c)

Figure 6. (a) Non-filtered 30 deg top-surface profile; (b) Filtered 30 deg top-surface profile. A-D
points are the four corners of the profile and blue and orange dashed box 1,2 indicate the convex and
concave zones, respectively; (c) 30 deg top-surface generated in the FEA model showing the relative
location of points 1 and 2; (d) Mean curvature field for the area surrounding the convex feature;
(e) Mean curvature field for the area surrounding the concave feature.

The response of these surfaces to the incident beads were characterized as their energy
absorption characteristics. The elasto-plastic strain energy absorbed by the surface is
calculated in ABAQUS and available using the variable ALLSE. This energy is given by
the formulation:

u= Z/ Va,de, (3)

Here, N is the total number of elements, V; is the volume of an element i, ¢; is the
Cauchy stress tensor, and ¢; is the strain tensor of element i. Implementation of this con-

cept is shown in Figure 7a—d, corresponding to preset energy values of E = 1.4 x 107°7J,
8.8 x 10727J,4.1 x 107*J,and 1 x 1073 J, respectively. These plots exhibit unique character-
istics that result from the nature of the engagement of the incident shot with the substrate.
The maximum indentation depths and rate of energy expenditure were extracted from
these curves and are summarized in Figure 8a,b, respectively.



Crystals 2022, 12, 374

11 of 17

1.5 x10°° ) ) 1 x10™
= = Mean curvature H
) ]
§ E 0.8 = 5,6x1073 um1!
S 1 > X -3 -1
E E 0.6 6.6x1073 um )
: 204 \ e
& 0.5 @ -
S S
2 §02 ~7
) )
0 0 L
0 20 40 60 0 20 40 60 80
Distance travelled by the indenter (12 m) Distance travelled by the indenter ( zz m)
(a) (b)
-4 -3
5 x10 i ‘ 1.5 x10

m m

QL 2

34 S

5) 5]

J 1

>3 >

2 >

e2 e

& / @05

g ! // 3

S S

S S/ S

) )

0 i n n 0 ,/ n
0 50 100 150 0 100 200 300
Distance travelled by the indenter (12 m) Distance travelled by the indenter (2 m)
(c) (d)

Figure 7. Elasto-plasticenergy exchange characteristics during indentation and retraction. Preset
energies were: (a) 1.4 x 1070J; (b) 8.8 x 1072 J; (¢) 41 x 1074 J; (d) 1 x 1073 J.

The correlations between spatially averaged metrics of surface roughness and effi-
cacy of surface smoothing described in Section 4.1 are also seen here. At every energy
level studied, the maximum z;,x as well as the retained indentation depths left after the
retraction of indenter z,.; exhibited high correlations with respect to the incident energy E
of the indenting bead. These could be quantified as linear relations, e.g., z = mg,p.E + ¢,
with goodness of fits R% > 0.92 in all cases. Nonetheless, these controlled numerical
simulations enabled the delineation of the evolution of surface roughness textures during
bead-blasting as a function of their local surface curvature. For instance, at lower energies,
the convex and concave roughness textures exhibited considerably different maximum z;,x
and retained z,; depths. This discrepancy was subdued at higher incident energy levels.
These evolutions are characterized as ratios between parameters z;,x and z; for various en-
ergies, e.g., 21s=50103 9 64,120, 110 0.94, and —retH=56:103 5 90, 154, 1.58 1.32,

Zmax:H=—6.6x10—3 ret:H=—6.6x10—3

for Ejpcigent = 1.4 x 107],88 x 1075],4.1 x 107*J,and 1 x 1073 J, respectively. A mi-
crostructural manifestation of this effect was also witnessed during sand-blasting of oxygen-
free high-conductivity copper [57]. The crystallographic textures of microstructures in
sand-blasted volumes exhibited a similar saturation at high levels of effective strain, which
can be likened to a higher level of incident energy.

The results described in the previous paragraph suggest that the propensity of a
surface to dissipate the energy of incoming beads during blasting depends on local surface
curvatures of their roughness textures. This is quantified as the derivative dE /dz, where
E is the elasto-plastic energy of the numerical substrate shown in Figure 6c and z is the
current depth of indentation. Figure 8b summarizes this derivative for the convex and
concave textures studied in this research using blue and red curves, respectively. This figure
also summarizes energy absorption characteristics of the perfectly flat surface, shown as
the yellow curve.
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Figure 8. (a) Maximum depthobserved in energy-controlled numerical indentation experiment and
(b) rate of energy absorption.

These results clearly indicate that the mechanics of bead-blasting of rough surfaces can
be considerably different than smooth surfaces. In fact, this is true at both low and high
indentation depths wherein the energy absorption rates were quantified as ’é—f =282x107°
Joules/pum, 2.41 x 1076 Joules/um, 6.09 x 10~7 Joules/ um, and dd—f =1.48 x 107° Joules/um,
1.38 x 107° Joules/pum, 2.67 x 10~° Joules/ um, for surfaces with H = 5.6 x 1073, —6.6 x 1073,
0 um !, respectively. Further, despite converging behaviors of the two roughness texture
features with respect to an achievable depth of indentation at progressively higher incident
energies, their energy dissipation characteristics ‘% exhibit progressively larger differences
with respect to each other (see Figure 8b). The reason behind this discrepancy lies in
the disparity between the evolution trajectories of roughness texture features, which are
likely governed by their local surface curvature in their as-received state, and hardening
characteristics.

4.3. Effect of Local Surface Texture on Residual Stresses Resulting from Bead-Blasting

The discrepancies in the mechanical response of surface texture features during bead-
blasting (see discussion in Section 4.2) affect the associated residual stress fields. To delin-
eate these effects, 0y, residual stress fields resulting from numerically simulated indentation
experiments were analyzed. These are shown in Figure 9 for the largest incident energy
level—E4 = 1 x 1073 Joules—studied in this research. For easy comparison of these stress
fields, the color bar was limited between —1.013 x 10? and 1.016 x 10®> MPa. This range
comprised about 90% of the total material volume in all cases. Nonetheless, the real (min-
ima, maxima) values are specified in Figure 9 and were (—3.90 x 10* MPa, 3.15 x 10* MPa),
(—4.56 x 10*5.74 x 10* MPa), (—1.27 x 10* MPa,1.38 x 10* MPa) for Figure 9a-—c,
respectively.

These profiles show that residual stresses extend to depths of approximately (108.80 pm,
67.31 um, 131.50 um), (142.60 um, 139.88 um, 139.90 um), (305.40 um, 176.30 um, 193.10 um),
and (389.90 um, 299.20 um, 397.80 pm) for energy levels 1.4 x 10767,8.8x107°],4.1 x 10747,
and 1 x 1072 J for surfaces featuring H = 5.6 x 1072 um~!, —6.6 x 1073 um~!, O um~1,
respectively. These distances are demarcated in Figure 10 and correspond to depths at
which residual stresses decay to within £10 MPa and stop fluctuating. Further, the resid-
ual stresses on the concave surface zone, e.g., H = —6.6 x 1073 um~! (c.f. zone 2 in
Figure 6), exhibited more compressive characteristics compared to flat H = 0 um or convex
surface zones H = 5.6 x 1073 um (c.f. zone 1 in Figure 6). Indentation-based models
of shot-peening implemented using FEA [58-61] report similar depths for flat surfaces,
e.g., ~400 um, from the surface.
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Figure 9. Simulated residual stress profile left after indentation: (a) Zone with mean curvature
5.6 x 1073 um~1. The (maxima, minima) values of stress field are (3.15 x 10* MPa, —3.90 x 10* MPa).
(b) Zone with mean curvature —6.6 x 10~2 um~!. The (maxima, minima) values of stress field are
(5.74 x 10* MPa, —4.56 x 10* MPa). (c) Zone with mean curvature 0, i.e., ideal flat surface. The
(maxima, minima) values of stress field are (1.38 X 10* MPa, —1.27 x 10* MPa). The residual stress
field is plotted within a limit of Maximum, Minimum values of —1.013 x 102 to 1.016 x 10° MPa.
Elements having stress above this range are colored grey and below this range are colored black.
The white and red arrows indicate positive and negative residual stress values, respectively.

It is clear from these plots that the nature of surface texture critically governs not just
the maxima and minima of residual stress fields but also their spatial profiles. This is most
obvious when comparing Figure 9 (e.g., H = —6.6 x 1073 um~!) with Figure 9¢ (e.g.,
H = 0 um™1). In the former, a large fraction of spatial volume that features high values of
compressive stresses is found to the right side of the central axis, whereas in the latter, a
largely symmetric arrangement is shown. To quantify this effect, stress vs. depth profiles
were extracted for the three cases studied here. This was conducted for all four incident
energy levels, and the results are shown in Figure 10.
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Figure 10. Residual stress depth profile: (a) energy level E1 ~ 1.4 x 10~ Joules; (b) energy level
E2 ~ 8.8 x 1072 Joules; (c) energy level E3 ~ 4.1 x 10~4 Joules; (d) energy level E4 ~ 1 x 1073 Joules.
The dashed lines show the distance from the surface after which the stress profile becomes stable.
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We note that there are different sources of inhomogeneity in AM components. In pre-
vious studies that focused on indentation of Inconel 718 [18,62], the authors explored
the combined effect of surface roughness and void inhomogeneities on the mechanics of
indentation. Using numerical simulations, the authors have also realized that the nature
of the inhomogeneities characterized by their shape, size, aspect ratio [63], and location
within the part geometry [64] complicate the mechanical response of components. However,
these variables are not tested in the context of bead-blasting in this study. This choice has
enabled the authors to focus on just surface roughness characteristics. Insights from this
study are still relevant to some real fabrication routines, e.g., those in which the component
has already undergone hot isostatic pressing (HIP) to eradicate void-like defects prior to
bead-blasting. This preserves the beneficial compressive stresses that often result from
the mechanical action of bead-blasting, which would be eradicated if HIP was performed
afterwards due to thermal perturbation there.

5. Conclusions

In this study, the effects of the as-received surface texture on the bead-blasting process
were characterized. Particular focus was given to the evolution of the surface texture and
residual stresses. The following conclusions can be drawn:

1. The surface smoothing effect resulting from bead-blasting was found to be correlated
to as-received roughness. Specifically, surfaces with greater roughness exhibited a
greater fractional reduction in roughness. The preliminary analysis showed that this
correlation was rooted in the plasticity index, P, of the as-received surfaces.

2. The residual stress distribution resulting from a single bead impact was found to be
highly sensitive to the texture of the affected surface. Specifically, it was determined
that the local mean curvature affects the energy absorption and release characteristics
of a surface. A bead striking an asperity (e.g., positive local mean curvature) resulted
in fluctuations between compressive and tensile residual stress at and just below the
affected surface—a condition that is detrimental to the objective of bead-blasting.
Much smaller distributions of tensile stresses were observed for a bead striking a
surface with a negative local mean curvature. They were still smaller for a bead
striking a nominally flat surface.

Bead blasting cannot be employed indefinitely to a surface with the objective of
increasingly smoothing it. Eventually, the affected metal strain hardens and loses ductility
to the extent that additional impact results in no additional plastic deformation but instead
induces cracking and fracture [65]. This phenomenon is referred to as over-coverage.
The results from this study indicate the possibility that the rough surfaces produced
by EBPBF may be prone to the detrimental effects of over-coverage due to the initial
development of tensile residual stresses at the asperities. Additional research is needed to
prove whether this is true for repeated bead contact. Additionally, while bead-blasting was
shown to improve the roughness of a 30° inclined surface from S; = 68 um to S, = 16 um,
the reduction is still insufficient to satisfy most applications where fatigue is of concern. This
suggests that a combination of secondary machining and bead-blasting may be needed to
transform a printed, non-functional surface into one that is optimized for fatigue resistance.
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