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Abstract Additive Manufacturing (AM) has significantly
increased the design freedom available for metal parts.
Many novel designs rely on the existence of surfaces that
are not accessible and therefore rely on the surface finish of
the parts directly from the AM equipment. Work has been
performed to characterize the difference between AM, then
machined tensile samples and AM tensile samples with an
unimproved surface finish. This work utilizes surface
analysis, fractography, and finite element analysis (FEA) to
expand on this by investigating the effects of the unim-
proved surfaces on local tensile behavior and fracture
mechanics in AM materials. Results show that measure-
ment error in cross-sectional area is the main source of
variation between unfinished and machined strength mea-
surements. Results also indicate that a ductile material may
demonstrate the same tensile strength regardless of post
processing. Fractography shows that stress concentration
near the surface of the samples leads to changes in fracture
behavior likely explaining the difference in elongation of
the samples. Finally, FEA work did not successfully show a
difference in fracture initiation, though this is likely due to
inaccurate representation of the samples surface.

Introduction

Recent growth in the use of AM metals has brought to light
the need to understand the behavior of these materials
under stress. There have been several studies to investigate
the strength of various additively manufactured metals
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including titanium, nickel, iron, aluminum, and cobalt-
based alloys [1-11]. In many of these publications, one or
more factors that can affect the properties of interest are
not accounted for, often including build parameters, ori-
entation, post processing, etc.

Many of these studies focus on test orientation relative
to the build direction, and the results are mixed [12-18].
Some demonstrate variance in yield strength and tensile
strength, while others indicate only a change in ductility.
All studies surveyed indicate that samples tested parallel to
the build direction have strength less than or equal to
samples tested perpendicular to the build direction. In these
studies, the variation of build direction along with limita-
tions in the capabilities of many AM processes to produce
unsupported overhang geometries forces samples to be
built as blocks and then machined to their final shape.
While providing accurate information about the material
properties produced during the bulk material fill sequence
of a build, these machined samples do not provide infor-
mation about the properties of contour passes, and perhaps
more importantly, they do not account for any change in
performance that could be caused by the rough AM surface
finish. These effects are important to understand as the
economic viability of AM processes often depends on the
minimization of post processing, thus potentially placing
regions with unfinished surfaces under load.

A small number of studies have investigated the dif-
ference in tensile properties between samples with unim-
proved surface finish and samples machined to meet ASTM
ES. In a recent study by Rafi et al. [19], cylindrical Ti—6Al-
4V tensile bars were fabricated on both laser and electron
beam powder bed systems. Samples were built both verti-
cally and horizontally, and with both unfinished and
machined surface finishes. The horizontal bars with
unfinished surfaces appear to be built without supports and
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likely have some dimensional inaccuracy and extreme
surface variation due to melt pool inconsistency in
unsupported regions. Relevant to this work, it was found
that the vertically oriented parts exhibited lower tensile
properties and that, in general, the machined bars showed
improved performance over those in the unfinished con-
dition. The authors focused on microstructural variance to
discuss the tensile property variance. Niendorf and Brenne
[20] studied flat tensile bars of TWIP steel, which were
fabricated in a single orientation using supports. Samples
were tested at multiple points during post processing, after
electro-discharge machining to remove supports, after
surface grinding, and after heat treatment. Samples showed
variation in strength and ductility; specifically, there was a
reduction in strengths of the AM parts when compared to
conventionally processed sheet material. This difference,
for both the unfinished samples and the samples with a
ground surface, was attributed to error in measurement of
the sample cross section caused by the rough surface.
Few resources were found that discussed the effect of
surface finish on tensile properties. There have been pub-
lications investigating the effect of surface finish on the
behavior of metals under various circumstances that uti-
lized FEA. Suh et al. [21] studied the effect of sample
thickness and surface roughness on the tensile properties of
aluminum sheet products. They intended to vary the sur-
face roughness of their samples; however, they found it
was difficult to control the specimen surface roughness
with the chemical etching method they used to vary
thickness. As a substitute, they developed periodic surface
roughness in their FEA models in an attempt to approxi-
mate the variation in surface finish. They showed that
surface roughness reduced both strength and ductility.
Chen et al. [22] studied the impact of surface finish on
nano-indentation results. Random functions were used in
Matlab to create different surfaces for FEA simulation. One
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study did find success in capturing the surface finish of real
samples with laser imagery and implementing that mea-
sured surface in an FEA simulation [23]. Unfortunately, the
study concentrated on asymmetric rolling and associated
contact and friction and not directly on tensile behavior.
This study intends to evaluate the difference in the
tensile behavior of additively manufactured parts that have
an unimproved surface and those that have been machined
to meet ASTM E8. Evaluation will cover selective laser
melting (SLM) of 17 PH SS and electron beam melted
(EBM) Ti-6Al-4V and will utilize tensile testing, CMM,
microstructural analysis, fractography, and FEA.

Materials and methods

All additive builds consisted of a grid of vertical 4.0 mm
diameter tensile bars spaced 40 mm apart with geometry as
shown in Fig. 1. Vertical samples were chosen as an
indication of minimum properties based on the previous
work discussed above and a diameter of 4.0 mm was
chosen to provide a representative size of product that
would be economical to produce using additive manufac-
turing. This size range is expected to provide a realistic
probability for defects in the applied processes though
ductility results may be skewed.

In this work, all Ti-6Al-4V test specimens were prepared
using an Arcam A2X and Arcam supplied Ti—-6Al14V
plasma spheroidized powder with a normal distribution
between 45 and 105 pm. A complete and detailed descrip-
tion of EBM theory and the Arcam A2X is too lengthy to
describe here; however, some relevant details will be pro-
vided as these are pertinent to the design of experiments and
are typically not provided in other previously reported work.
An accelerating voltage of 60 kV is applied, and during the
build a vacuum level of approximately 2 x 10~ mBar is
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maintained by machine control software. For this work,
EBM Control Software Version 3.2.132 using Standard
Arcam Ti-6A1-4V 50 pm layer thickness theme version
3.2.121 was used. Beam focus offset is a machine setting
that is subject to vary from machine to machine and is set
during beam calibration procedures. For this study, a focus
offset value of 1 mA was used.

The 17-4 PH stainless steel test specimens were pre-
pared using an EOS M280 and EOS supplied GP1 gas
atomized powder with a normal distribution between 15
and 45 pm. An inert nitrogen build environment was pro-
duced with the on-machine nitrogen generator and oxygen
was maintained below 0.1 %. The build platform heater
was used to maintain a platform heat of 170 C. For this
work, the following custom build parameters were used:
beam energy of 310W, hatch spacing of 100 pm, beam
speed of 2754 mm s~ ', and a layer thickness of 50 pm.

Tensile properties of the AM samples were determined
per ASTM ES8 [24] under room temperature conditions.
Modulus of elasticity, 0.2 % offset yield strength, tensile
strength, elongation, and reduction of area were measured.
For the unimproved specimens, the cross-sectional area
within the gage section was captured through three mea-
surements of diameter recorded at 120° intervals which
were averaged for the calculation of cross-sectional area to
account for any non-uniformity in roundness and the high
surface roughness. All machined gage sections followed
the ASTM specification for measurement of the test
diameter. Crosshead test speeds were controlled uniformly
to minimize any impact of rate sensitivity, and the loading
rates were approximately 620 MPa min~'. The test
machines and extensometers met ASTM E4 [25] and
ASTM ES83 [26] specifications, respectively.

For more robust characterization of the surface profile of
the unimproved samples, laser analysis was considered
according to Xie et al. [23]; however, the method could not
be applied to the round sample surface. Instead, CMM
inspection was performed on a Zeiss Prismo CMM with
40.0023 mm accuracy. The stylus used had a 0.0457 mm
radius. This inspection was done on two 17-4 PH samples
and two Ti—6Al-4V samples. First, points were taken
around the centerline circumference of the tensile bar at
every one degree of rotation. This process was repeated
again at five different locations spaced 0.635 mm apart on
each side of the tensile centerline. These points were then
loaded into CAD software, and a geometry was created by
fitting splines to each series of vertical points and then
blending those splines together.

For simulation of the modeled tensile bars, the tensile
gage section geometry is quartered and then separately
meshed to reduce simulation time. The hexahedron mesh
size was approximately 0.051 mm. This essentially creates
four tensile bars out of one when quarter-symmetry
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boundary conditions are imposed on the cut surfaces. Two
surface nodes are assigned to separate node sets to act as the
extensimeter on the tensile bar. The stress—strain curve from
the machined tensile bar test samples is converted to true
stress and true strain values for input into the plastic portion
of the material model. Young’s Modulus is taken from the
test sample lab report to inform the elastic region of the
material model. It should be noted that the machined sam-
ples no longer have material that was melted under contour
parameters which are different from fill parameters. This
may contribute to a difference in properties when examining
unfinished samples; however, for these samples, less than
5 % of the cross-sectional area is melted with contour
parameters, so any effect is limited. The remaining material
model parameters are populated with data from the Metallic
Materials Properties Development and Standardization
database for material properties using annealed Ti—6A1-4V
and annealed 17-4 PH stainless Steel [27]. It should be
noted that the potential residual stresses existing in the
samples are ignored in the simulation. While this is likely a
sound assumption for the electron beam process due to its
high temperature, distortion due to residual stresses has been
observed on material built using the laser process. The vir-
tual tensile bars are “pulled” using Sierra Adagio Solid
Mechanics Implicit FEA code. A kinematic displacement
boundary condition is applied to the top surface of the ten-
sile bar geometry, while a fixed displacement boundary
condition holds the bottom surface of the geometry in place.
Quarter-symmetry boundary conditions are used on the cut
surfaces of the tensile bar geometry. Each bar is pulled far
enough to induce necking in the geometry. Displacement of
the two gage nodes and a sum of the reaction forces on the
fixed surface is recorded as history output. Displacements,
Von Mises stress, and equivalent plastic strain (EQPS)
variables are recorded as field output. The history file con-
taining gage node displacements and reaction force are
saved and imported into Excel for processing. These simu-
lation outputs are representative of the physical force versus
displacement outputs generated by the experimental tensile
test and are processed as if they are physical. First the dif-
ference between the gage nodes is taken and converted into
a strain value. The reaction force variable is multiplied by
four to account for the quarter-symmetry assumption and
then divided by the original surface area to give stress. These
values are used in true stress and true strain calculations up
to the maximum engineering stress value.

Results

The caliper measurement technique for evaluating the
cross-sectional area under load in the tensile testing process
produced relatively uniform results (Table 1). The 174
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PH unfinished samples showed a more consistent mea-
surement at each angle indicating they have a high
roundness; however, those samples were much larger than
the nominal 4.0 mm diameter of the model. The Ti—6Al-
4V samples measured much closer to the nominal diameter,
but had a much higher standard deviation indicating that
they were less round. In general, the 17—4 PH samples are
significantly smoother than the Ti—-6Al-4V samples, and
the surface roughness is largely caused by a random dis-
tribution of adhered particles.

The CMM measurement results for the unfinished 17-4
PH samples again showed a larger nominal diameter and a
high average roundness value of 0.048 mm, while the
unfinished Ti—-6Al-4V samples have a smaller diameter
and an average roundness number of 0.134 mm. For the
purposes of evaluating the impact of surface finish on the
performance of a tensile bar, several cross-sectional area

Table 1 Tensile sample caliper measurements of diameter

calculations were performed. The first three are simple
circular approximations using the minimum, mean, and
maximum diameters from the CMM results. The fourth is
the triangulated cross-sectional area which is an approxi-
mation based on the area calculated from the FEA mesh of
each entire sample. It can be seen in Table 2 that in both
sets of unfinished samples, the mean Area and triangulated
Area are very similar. When compared to the experimental
results, the 17-4 PH Mean Area matches very well, and the
Ti—6Al-4V experimental results are slightly larger than
their Mean Area. This difference is likely due to the dif-
ference in roundness. Additionally, the unfinished Ti—-6Al-
4V samples showed significantly higher surface roughness
when compared to the 17-4 PH samples.

The experimental results from the tensile tests are
summarized in Table 3. The yield strength of the 17-4 PH
samples showed a 12.2 % increase when the surface was

Sample ID Condition  Diameter 1 Diameter 2 Diameter 3 Average diameter  Standard deviation = Calculated area
(mm) (mm) (mm) (mm) (mm) (mm?)

17-4 PH SN2 Unfinished 4.133 4.130 4.138 4.133 0.004 13.42

17-4 PH SN3  Unfinished 4.117 4.115 4.115 4.116 0.001 13.30

17-4 PH SN4 Machined 3.993 N/A N/A 3.993 N/A 12.52

Ti-6Al-4V Unfinished 4.031 4.059 4.021 4.037 0.019 12.80
SN8

Ti—-6Al-4V Unfinished 4.003 4.039 3.988 4.010 0.026 12.63
SN10

Ti—-6Al-4V Machined  4.006 N/A N/A 4.006 N/A 12.60
SN2

Table 2 Tensile test results from both unfinished and machined samples

Sample ID Condition  Experimental Meshed model (CMM)
Calculated area (mmz) Min area (mmz) Mean area (mmz) Max area (mmz) Triangulated area (mmz)
17-4 PH SN2 Unfinished 13.42 12.52 13.36 14.70 13.33
17-4 PH SN3 Unfinished 13.30 12.52 13.36 14.61 13.33
Ti-6A1-4V SN8  Unfinished 12.80 11.13 12.39 14.43 12.36
Ti—-6Al-4V SN10 Unfinished 12.60 11.03 12.35 13.84 12.33

Table 3 Tensile test results from both unfinished and machined samples

Sample ID Condition Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%) Reduction of area (%)
17-4 PH SN2 Unfinished 473.7 873.6 41.5 65.6
17-4 PH SN3 Unfinished 479.2 879.1 41.1 66.4
17-4 PH SN4 Machined 535.0 881.8 51.6 67.8
Ti—-6A1-4V SN8 Unfinished 817.7 904.6 8.2 28.7
Ti-6A1-4V SN10 Unfinished 812.9 900.5 7.3 23.7
Ti—-6Al-4V SN2 Machined 987.3 1103.2 15.0 33.9
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machined to ASTM E&8, though the ultimate tensile strength
was not significantly increased. Similarly, the percent
elongation was increased by 24.9 % and the reduction of
area showed no change. The Ti—-6A1-4V samples showed
an increase in yield strength and tensile strength of 21.1
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Fig. 2 Simulation results for 17—4 PH SN 2 for the minimum, mean,
and maximum diameter values from the model as well as the
triangulated area from the mesh

and 22.23 %, respectively, while percent elongation and
reduction of area were reduced by 93.6 and 29.4 %.

The stress and strain FEA calculations performed on the
maximum nodal displacements and reaction force along
with the various approximations of cross-sectional area
(Table 2) were used to create stress—strain curves. The
results of this analysis show a simple scaling of the same
curve relative to the change in cross-sectional area used in
the stress calculation, as shown in Fig. 2.

Analysis of the stress values of individual elements in the
model showed stress concentrations at the surface of the
unfinished tensile bars (Fig. 3). These stress concentrations
appear in areas of smaller relative diameter and appear to have
a reduced effect as global strain increases in the 17-4 PH
simulation, but a sustained effect in the Ti—~6A1-4V simula-
tion. Stress maps also show that no significant stress concen-
tration occurred at the symmetry boundaries indicating that
quarter symmetry used in FEA did not alter the results.

Discussion

It seems fairly obvious that error in the measurement of the
cross-sectional area would cause some error in the mea-
surement of yield strength and ultimate tensile strength.

Fig. 3 A comparison of surface stress concentration during the tensile test for unfinished 17-4 PH and Ti-6A1-4V samples. The color scale at
each time step represents the highest 20 % of stress values to emphasize and stress concentrations and progress into the plastic strain region
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Fig. 4 Comparison of simulation results and experiment results for
low-strain values of 17-4 PH SN2

Figure 4 shows that during elastic deformation and the
early stages of plastic deformation, the 17-4 PH machined
experimental results follow closely with the unfinished
mean diameter simulation.

The unfinished tensile bar experimental results show
good correlation with the unfinished tensile bar simulation
using cross-sectional area calculated from the maximum
diameter. It is reasonable to expect that the values mea-
sured with calipers (unfinished experimental results) are
similar to the unfinished maximum diameter simulation
indicating that a simple adjustment of the cross-sectional
area to account for measurement error would bring the two
experimental results into agreement. This theory is put to
the test when the remainder of the plastic region of the
curves is considered (Fig. 5). The machined experimental
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Fig. 5 Comparison of simulation results and experimental results for
high-strain values of 17-4 PH SN2

results continue to match well with the mean cross-sec-
tional area. The unfinished sample, however, reaches
nearly the same ultimate tensile strength as the machined
sample.

If the cross-sectional area difference remains at high
strains, then the unfinished samples have higher tensile
strength than the machined samples, though this is unli-
kely. As indicated by the reduction of stress concentra-
tion seen in the tensile bar simulations (Fig. 3), the
surface appears to smooth as strain increases which
would change the error in cross-sectional area measure-
ment and redistribute load within the sample altering the
tensile behavior.

Also of note in Fig. 5 is the fact that the unfinished
sample strain hardens at a faster rate and fails at a lower
percent elongation than the unfinished simulation. This
difference cannot be due to measurement error in cross-
sectional area as this value has no impact on the mea-
surement of elongation and strain in a tensile test. Similar
to the 17-4 PH, results in Figs. 4, 6 show a strong cor-
relation of both the T-6A1-4V machined sample with the
mean diameter simulation results and the unfinished
sample with the maximum diameter simulation for low
strains.

When expanded to large strains, as shown in Fig. 7, the
same analysis applies though there is a difference in mor-
phology of the curve in the region just after yielding. In the
actual tensile test, the strain rate is increased after yielding
to improve lab efficiency. This increase in strain rate
activates additional deformation twinning which increases
the strength of the material. Since the behavior of each
individual element is governed by the curve generated from
the machined sample, the difference in morphology of this
region is due to the gradual increase of elements which are
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Fig. 6 Comparison of simulation results and experimental results for
low-strain values of Ti-6A1-4V SN8
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Fig. 7 Comparison of simulation results and experimental results for
high-strain values of Ti-6A1-4V SN§

reaching the high-strain rate region as opposed to the
immediate onset in the actual test. For the unfinished Ti—
6Al-4V samples, it appears that an adjustment of cross-
sectional area to account for surface roughness can entirely
account for the difference in strengths. This presents an
interesting comparison between the relatively brittle Ti—
6Al-4V and the highly ductile 17-4 PH. The surface

3
|

€ & e -yvemcarca sl

smoothing, high-tensile strength, and increased rate of
work hardening exhibited in the 17-4 PH samples indicate
a change in tensile behavior of materials with high duc-
tility. Essentially, such materials appear to be able to
overcome some level of surface roughness through local
plastic deformation. Similar to the 17—4 PH, the unfinished
Ti—6A1-4V samples exhibited much lower elongation than
the simulation predicted.

To analyze potential microstructural variations at the
surface of each sample caused by the removal of the
unfinished surface on the machined samples, structures
near the center and toward the edge of the unfinished
samples were compared. Figure 8 shows that the region
governed by the contour scans in the 17-4 PH materials
exhibits a larger grain size when compared to the material
in the center of the part. The Ti—-6Al-4V sample shows no
significant change in structure near the edge. This variation
may contribute to the altered strain rate observed in the
174 PH unfinished sample, though the relatively small
percentage of the cross-sectional area that is affected
reduces the likelihood of such an effect.

In an attempt to account for the difference in elongation
in each sample set, two methods were incorporated to
indicate the initiation of fracture. First, a failure criteria
(&crp) for the model is calculated from of the reduction of
area (ROA) for the test sample, as shown in Eq. 1.

NN\

Fig. 8 Comparison of structure of the 17-4 PH and Ti—-6Al-4V unfinished samples in the center (a and ¢, respectively) and at the edge (b and d,

respectively)
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Once any element in the model reaches the critical strain
value, that element is considered to fail. This model was
quickly abandoned as it depended on post-test reduction of
area measurements which have a high amount of mea-
surement error, and rely largely on equivalent plastic strain
which is an aggregate value that is independent of direc-
tion. Next a simple stress triaxiality model was imple-
mented [28]. Here, stress triaxiality is calculated from
Eq. 2.
01+ 02+ 03
o 30,

or ’ (2)
where a1, 05, 3 are the principle stresses and o, is the Von
Mises equivalent stress. This is then used to determine a
failure strain which is related exponentially to the stress
triaxiality (Eq. 3).

& o< exp(—aoT). (3)

A cumulative damage value (o) is then calculated as the
ratio of equivalent plastic strain and failure strain as shown
in Eq. 4.

Ag,

The results of the stress triaxiality model showed no
effect of the surface finish, as it was captured by the CMM
results, on the elongation to failure. As shown in Fig. 9,
when Eq. 4 is fit to the failure data for the machined
sample, there is very little deviation between it and the
failure prediction of the unfinished sample. It is important
to note that the only data used to fit the model parameters
were from the machined samples and thus is an incomplete
fit. This should not impact the difference between the
machined and finished results as the model should be
independent of geometry.
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Fig. 10 Comparison of local stress triaxiality between unfinished
(right) and machined (left) Ti—-6A1-4V simulations at the initiation of
failure. a and b are in the regions where failure is predicted to initiate,
while ¢ and d are in the regions of the highest surface stress

Upon examination of the location of failure initiation
predicted by Eq. 4, it can be seen that both the machined
and unfinished sample FEA models reach critical stress
triaxiality in the center of the cross-sectional area as would
normally be the case for standard ductile failure (Fig. 10).
The portion of the unfinished sample that had the highest
concentration of surface stress triaxiality at the time of
failure was not at the center of the gage length and had a
lower magnitude than the center of the predicted failure
region.

In order to further explore the potential causes of the
difference in elongation to failure of the various samples,
fractography was performed. No evidence of failure modes
other than ductile rupture initiated failure in the center of
the sample with a shear lip was found in the 17-4 PH
samples. In the Ti-6Al-4V samples, several clear exam-
ples were seen with changes in fracture morphology at the
surface of the sample (Fig. 11). At the edge of the sample,
evidence of equiaxed ductile rupture can be seen next to
shear lip facture.

Since the model and experimental results do not match,
closer examination of the surface finish representation used
in the model was performed. As shown in Fig. 12, the
CMM results did not completely capture the roughness of
the surface, and therefore it is likely that the inaccuracy of
the model is largely due to the inaccuracy of the modeled
geometry.
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Fig. 11 Fractography of
unfinished Ti-6A1-4V SN8
along the edge of the sample

Fig. 12 Comparison of the true cross section of a representative
unfinished Ti—6A1-4V sample and the CMM measurement results in
red

Conclusions

This study focuses on evaluating the difference in behavior
between unfinished and machined additively manufactured
tensile bars made from both SLM 17-4 PH and EBM Ti—
6Al-4V. Experimental results show that an unfinished
tensile bar will exhibit lower yield strength with both
materials, but ultimate tensile strength is only lower on Ti—
6Al-4V samples which exhibit a rougher surface finish.
Through CMM measurements, surface roughness mea-
surements, and FEA, the differences in strength is shown to
correlate well to error in cross-sectional area measurement
on the rough surfaces, though the surfaces of the more

@ Springer

ductile 17-4 PH samples show a reduction in stress con-
centration at the surface as overall strain increases. There is
also a significant difference in elongation to failure
between the machined and unfinished samples of both
materials. Fractography revealed no fracture change in the
17—4 PH samples, but clear indications of ductile rupture
are apparent at the surface of the Ti—-6Al-4V sample.
Attempts to model the rough surface of the samples with a
stress triaxiality model were unsuccessful due to incom-
plete characterization of the samples surface. Overall,
improvements need to be made to the surface characteri-
zation process, additional data such as various notched
tensile samples need to be captured to fully implement the
stress triaxiality model, and true stress, true strain data
needs to be captured from experiments to reduce model
error in the plastic region.
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