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Abstract

This work describes an experimental validation set for assessing the real-time fatigue behavior of metallic additive manufacturing
(AM) maraging steel structures. Maraging steel AM beams were fabricated with laser powder bed fusion (LPBF) and charac-
terized with ex situ studies of porosity through X-ray computed tomography (CT), nano-indentation, and atomic force micros-
copy, as well as quasi-static testing to evaluate the as-printed state. Microscale evaluation showed void content of 0.34-0.36%
with hardness and stiffness variation through the build direction on the order of 5.1-5.6 GPa and 139-154 GPa, respectively. The
microscale inhomogeneities created an as-printed state where the compression and tension plasticity behavior at the macroscale
was unequal in quasi-static loading, leading to greater yielding in tension. Specimens were subjected to cyclic loads, while the
structural behavior was characterized through in situ magnetic permeability, digital image correlation (DIC) strain, and structural
compliance measurements. In the range of 3 x 10° to 3 x 10* cycles to failure, magnetic permeability measurements were able to
capture the mechanical state as early as 60% of life depending on failure location. Results are discussed with an emphasis on
material-property-structure relationships in terms of the multi-scale material state and fatigue validation data for improving the
durability of AM parts.

Keywords Additive manufacturing - AM - Digital image correlation - DIC - Nano-indentation - X-ray computed tomography -
Fatigue

1 Introduction by ensuring understanding via validation of simulations based
on representative experiments. Uncertainty in fatigue response

Additive manufacturing (AM) processes are attractive to de-  in terms of deviation print-to-print or print compared with

signers because they require little tooling, taking a virtual
design and replicating it in an automated layered process.
Parts can be complex with some considerations for artifacts
like overhangs or trapped unprocessed material. AM process-
es have matured to the point where they are structurally rele-
vant even if there is some uncertainty in the mechanical and
fatigue behavior, especially for newly developed polymers
and alloys [1]. Use of AM technologies for primary load-
bearing structures requires certainty in the fatigue response
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design will typically result in structures with larger factors of
safety. A more optimal and lighter-weight AM design could
be realizable even with uncertainty by monitoring a signal
against fatigue response ensuring safety via intervention when
it can be reported that few cycles are remaining.

Research focused on fatigue response in AM technologies
has shown that bulk properties are sensitive to defects [2, 3]
and microstructure [4, 5]. Although not too different than oth-
er manufacturing methods in bulk tension or compression
testing, ultimate failure by crack growth [6-9] or fatigue
[10—12] loading in AM structures has shown degraded perfor-
mance compared with identical structures made by other
manufacturing techniques [13]. This reduction in performance
is due to the way damage nucleates around microstructural
defects and material differences caused by the printing process
(e.g., manufacturing variability) [14-20]. Laser manufactur-
ing processes can appear to be visually homogeneous, al-
though micrographs can reveal uneven growth of fine grains
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and the remnant boundaries of different melt pools [21, 22],
which can influence fatigue. When building up a larger struc-
ture with designed intricate features [23-28], understanding
the defect characteristics of the material is necessary to avoid
unexpected failures.

The uncertain nature of fatigue performance for AM tech-
nologies can be mitigated with monitoring of the structural
state, particularly with methods that are sensitive to the actual
defects that instigate early failure. Experimental methods such
as nano-indentation [29, 30], atomic force microscopy, and X-
ray computed tomography are capable of evaluating very
small quantities of material even between AM layers.
Measurements of local porosity, modulus, and hardness have
been shown to be indicators of failure nucleation as well as
fatigue damage and failure in methods other than AM
[31-33]. The influence of small-scale damage on larger-
scale measurements such as dynamic vibration [34-36], ultra-
sound [37, 38], stiffness degradation [39, 40], and eddy cur-
rent [41-43] can be sensitive to that damage when the scatter-
ing of the measurement energy is great enough. The signal
response from the sensor can then be used to track the state
of the material and estimate impending failure, creating an
opportunity for a user to intercede and limit catastrophic fa-
tigue failures.

A fundamental understanding of the printed state and
in situ damage evolution is required to predict the fa-
tigue behavior of seemingly identical specimens.
Information from experimental investigation is required
to validate accurate multi-scale models and successfully
design more complex architectures. The goal of this
work is to provide digital image correlation (DIC),
structural compliance, and eddy current magnetic perme-
ability in situ measurements for characterizing the fa-
tigue behavior of AM maraging steel. First, measure-
ments of porosity via X-ray computed tomography,
nano-indentation modulus and hardness, and atomic
force microscopy topography are reported to give an
understanding of the microscale state. Second, quasi-
static experiments are conducted to capture the stress-
strain-magnetic permeability behavior of the AM
maraging steel beams. Third, beams were subjected to
fatigue loading and monitoring results are presented
with an emphasis on measurement signal vs. the number
of fatigue cycles.

Fig. 1 Specimen test diagram

2 Materials and methods

Fifteen test specimens were made using an EOS M270 Dual
Machine for laser powder bed fusion (LPBF) with individual
specimens grouped near the center of the build plate.
Specimens were oriented left to right with respect to the ma-
chine front with a nitrogen gas flow left to right pulling con-
densate from the part during manufacture. A laser power of
200 W was used with a manufacturer recommended volume
rate of 4.2 mm?/s and target layer height of 50 um. The man-
ufacturer reports a typical achievable part accuracy of £ 50 um
with a maximum particle size of 63 pwm measured by sieve
analysis according to ASTM B214. The recommended scan
speed and hatch spacing from the literature were 750 mm/s
and 100 wm, respectively, with a scan strategy of striped
hatching [44]. The maraging steel powder was a formulation
of EOS in its virginal state corresponding to 18% Ni maraging
300 steel. Specimens were cut to the approximate dimensions
of (L, w, 1) 203 mm by 20.1 mm by 20.1 mm by wire electron
discharge machine (EDM) on every face except the top, which
did not need EDM since the thickness dimension was well-
controlled by the LPBF process. The build direction (z axis)
was aligned vertically to the 3D printer as shown in Fig. 1.
Average specimen mass was 650 g, resulting in an average
density of 7.93 g/em’. The standard deviation in geometric
tolerance, mass, and density between specimens was about
1%.

3 Ex situ and in situ characterization
approaches

Sections of material were extracted and prepared in the xy, yz,
and xz planes for nano-indentation and atomic force micros-
copy such that measurements were made on interior surfaces.
Each section was polished using a series of sand papers from
300 grit to 1200 grit followed by 9 um and 3 pum silica sus-
pension for 5 min at each step. Nano-indentation (NI) exper-
iments were performed on each section with a Hysitron TI-
950 TriboIndenter. The Berkovich diamond tip used had a
radius of curvature of approximately 150 nm. The tip area
function was calibrated on a fused quartz standard. A loading
rate of 1 mN/s was used, followed by a 5-s hold time. At two
positions on each section, five-by-five arrays of indents
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Fig. 2 Sample X-ray CT output
cross section of a cylindrical core.
The sharp corner represents the
start and end position of the wire
EDM. a Original image. b
Segmented image

spaced 7 um apart were made in force control to a peak value
of 10 mN. The indentation modulus was calculated assuming
a sample Poisson’s ratio of 0.3, tip elastic modulus of
1140 GPa, and tip Poisson’s ratio of 0.07. Measurements of
modulus and hardness usually have an uncertainty around 3 %.
Scanning probe measurements were performed using an
Asylum MFP-3D atomic force microscope. The probes used
in this study were AC160TS-R3 with a nominal natural fre-
quency, stiffness, and tip radius of approximately 300 kHz,
26 N/m, and 10 nm, respectively. Imaging was performed in
alternating contact mode at scan rates of approximately 1 Hz.

Ex situ X-ray CT scans were prepared on 5 mm diameter by
20 mm length cylinders taken with the length aligned with the
z direction, using a wire EDM. Each scan used a voxel size of
6.432 um/voxel, with a 160-kV tube voltage and a high-range
filter, in order to get better transmission, on a Zeiss Versa
XRM500 instrument. Four scans were used for each cylinder
(A, B, C, D), to capture the entire 20 mm height of the cylin-
der, for a total of 12 scans and 12 fields of view (FOV). After
reconstruction, each FOV resulted in about 1000 slices normal
to the height of each cylinder, and each slice image was about
1000 pixels x 1000 pixels. For each cylinder, these FOVs o-
verlapped by approximately 1 mm along the cylinder’s length.
Since there were also cone-beam artifacts at the bottom and
top of each field of view, certain slices were discarded so that
the remaining slices approximately covered the entire cylin-
der. Each of the image stacks for cylinders 1 and 2 was 19.5
and 19.9 mm in height taking into account the number of
slices used. Since there are three interfaces between scans
(A-B, B-C, and C-D) where slices may be missing, the possi-
ble errors in unaccounted overlap volume (assuming the cyl-
inder height is 20 mm) would be at a maximum around
1.12 mm or 174 slices, which is only about 4% of the 4000
total images.

Upon collection of the slice images from X-ray CT, each
image was processed through a custom segmentation algo-
rithm built in MATLAB in order to determine the location

(a) (b)

and volume fraction of open space within the cylinders. The
segmentation algorithm combined a total of 31 images around
the current image being analyzed in order to determine a rel-
evant average image without local inhomogeneities. The edge
of'the specimen in the current image was found through use of
the pixel gradient. Subsequently, the internal area of the cur-
rent image was compared with the matching internal area for
the average image in order to determine localized differences
in pixel intensity. All pixels within the internal area of the
specimen found to have a pixel intensity difference greater
than a threshold value were identified as local damage areas.
Furthermore, a void had to be identified in the same general
area over two consecutive slices in order to be counted. It is
acknowledged that this threshold and multi-layer segmenta-
tion algorithm may omit some defects that could otherwise be
identified. However, this method was found to give good re-
peatability, high fidelity to manual segmentation results, and a
high signal-to-noise ratio.

Quasi-static and fatigue mechanical loading was conducted
on an MTS hydraulic test machine' in three-point bending.
The rectangular specimen had a supported length (L) of
152.4 mm resting on 12.7 mm diameter supports. Static load-
ing was done at a rate of | mm/min displacement control for
three specimens. Time, displacement, and force data were re-
corded at 5 Hz by the MTS controller. Fatigue loading was
controlled by applying a sinusoidal cyclic force command at
2 Hz with an R ratio of 0.1. Peak values of cyclic force were
chosen from above to below the yield strength of the material
to capture a wide range of material behaviors for 12 speci-
mens. The MTS controller captured the peak and valley dis-
placement value changes as the force signal was controlled.

! Certain commercial equipment and/or materials are identified in this report in
order to adequately specify the experimental procedure. In no case does such
identification imply recommendation or endorsement by the National Institute
of Standards and Technology or the Army Research Laboratory, nor does it
imply that the equipment and/or materials used are necessarily the best avail-
able for the purpose
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Specimens were named with the convention S# where 1-3
were loaded statically and 4-15 were loaded in fatigue.

In situ eddy current measurements of relative magnetic
permeability (11,) were collected using a Jentek Jet7 handheld
eddy current array with an uncertainty of around 3%. Eddy
current data was collected during the static loading at 5 Hz as
well as during fatigue loading periodically at 320 Hz to cap-
ture the fatigue response with accumulated cycles. Ex situ
measurements were taken on the xy plane with three channels
of'the array oriented in both x and y directions separately while
the specimen was pristine and at rest. In situ fatigue measure-
ments were oriented in the y direction, mounted at the center
of the beam. The array was calibrated in air and on the hard-
ened stainless steel bending fixture with a 1, measurement on
average of 62.1 (coefficient of variation C, 0.9%).

In situ three-dimensional digital image correlation (DIC)
was collected at 5 Hz by Correlated Solutions software via a
pair of five megapixel Point Grey Research digital cameras
during static loading. Data points were correlated across the
surface with subset, step, and filter sizes of 61, 7, and 15,
respectively. During fatigue loading, images were captured
at peaks and valleys by controlling on the force signal from
the MTS frame with the Correlated Solutions Fulcrum module
every 50 cycles. DIC resolution is limited to 50-100 pe.

4 Ex situ characterization results

The as-built material state was investigated with the scanning
and image processing of X-ray CT images as mentioned pre-
viously. A sample cross-sectional image from cylinder 1 is
shown in Fig. 2, along with the output after segmentation
showing the boundary of the specimen as well as the internal
defects identified by the segmentation algorithm.

Segmented images were stacked to show the entire scanned
volume as shown in Fig. 3 for cylinder 1, where the blue
indicates the specimen boundary and the red indicates the
local voids throughout the cylinder. Generally, voids were
observed to be spread evenly throughout the volume.

In order to obtain a quantitative perspective on the distri-
bution of voids through each cylinder, the void volume frac-
tion was analyzed per slice and is presented in Fig. 4. The data
suggests that the internal void volume fraction for cylinders 1
and 2 remains approximately constant throughout the height
of the build with a mean value of 0.36% (C,, 14.7%) for cyl-
inder 1 and a mean value of 0.34% (C, 13.7%) for cylinder 2.

Typical nano-indentation force-displacement behavior is
shown in Fig. 5a. Hardness measurements were on average
5.4 GPa (C, 3.15%) across all faces with the highest measure-
ment 5.6 GPa (C, 3.04%) at z=20 mm (yz plane) and the
lowest measurement 5.1 GPa (C, 2.49%) at z=0 mm (yz
plane) (Fig. 6). The indentation elastic modulus was calculat-
ed following the techniques outlined by Oliver and Pharr,

@ Springer

Fig. 3 Total volume image of cylinder sample 1. Blue shows specimen
boundary and red shows local voids throughout specimen

which assume the samples are homogeneous, isotropic, and
semi-infinite half spaces [45]. Interpretation of the modulus
results is therefore somewhat qualitative due to the anisotropic
nature of the material. Similar to the hardness measurement,
the indentation modulus measurement was higher at z =
20 mm (154 GPa, C, 2.92%) compared with z=0 mm
(139 GPa, C, 3.60%). The lowest indentation modulus mea-
surement was in the xy plane (121 GPa, C, 4.16%). Sections
of material were taken interior to the wire EDM cut; however,
when taking indentation data at z =0 mm or z =20 mm on the
yz plane, the material is likely influenced by the wire EDM
which removes the specimen from the build plate.

Variations in the local nano-indentation measurements
could be due to differences in residual stress [46] as evidenced
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Fig.4 Percentage of internal voids in each slice of material as identified based on segmentation of X-ray CT images. Each point represents the value ofa

slice

by AFM scans of pileup; however measurements can also
influenced by grain sizes and the cutting and polishing pro-
cess. Residual stress can cause dislocations to pile up (com-
pressive stress) or sink in (tensile stress) around the indenta-
tion probe and affect the contact area measurement and thus
the microscale mechanical behavior. Scanning probe micros-
copy was used to confirm the presence of pileup around the
residual indentations. Figure 6 shows typical indentation ar-
rays on the yz face near the top (z =20 mm) and bottom (z =
0 mm) of the build direction. The residual indents near z =
20 mm displayed a higher degree of pileup with respect to the
indentations on the other faces, and thus corresponds to the
relatively high measured mechanical response. Variations in
residual stress are common as a function of distance from the
build plate and can contribute to structural heterogeneity as
well as the fact that only the surface at z=0 mm was cut by
wire EDM, so that re-melt may effect measurements of mod-
ulus and hardness.
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The two primary characteristics captured in ex situ testing
were a porosity distribution of 0.34-0.36% and variation of me-
chanical properties in the build direction. Accurate representation
of both aspects in simulation will have impact on predicted mac-
roscale behavior and fatigue damage development.

5 In situ characterization results
5.1 Static loading

The xy plane relative magnetic permeability (), as measured
under the top support, was on average 175.1 (C, 3.6%)
aligned in the y direction and 128.4 (C, 3.0%) aligned in the
x direction when specimens were unloaded. When under load,
L, falls by around 130-140 to a minimum value near yielding
and then slowly rises with displacement (Fig. 7). It should be
noted that under static loading, the largest change in yi, occurs

160
140
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80
60 B
40 B Reduced Modulus, GPa |
20 [ | Hardness GPa i
0 |

Xz  yztop yz bottom

S = N WPk U XX

(b)

Fig. 5 Nano-indentation response as a function of sectioned plane a Typical force-displacement data for an indent in the x-y plane. b Indentation
modulus (GPa) and hardness (GPa) for each polished face as measured from
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Fig. 6 AFM height maps of partial indentation arrays on the yz surface. a These pileups are likely caused by a higher degree of compressive
z=20 mm. b z=0 mm. Note that arrows point to typical pileup, which is residual stress in this location
more pronounced in the indents near the top (z =20 mm) of the yz face.

Fig. 7 Force-displacement and 80 0
p-displacement data for S2.
Increases in force correspond to 70 — — -25
decreases in magnetic / L _50
permeability (1) 60 Sf
/ - 75 S
Z 50 =
=4 - -100 .5
s 40 5}
o - -125 o0
S 30 N — | %
= | - -150 S
20 I e S)-Force - -175 ©
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(b)
Fig.8 DIC strain fields before and after significant yielding. Shadow artifacts 3.75 mm displacement and 65.1 kN force: S3. b Axial strain exx and shear

at the correlation edges cause the data to become unresolved as the specimen strain exy DIC fields at 25 mm displacement and 69.7 kN force: S3
is significantly deformed a Axial strain exx and shear strain exy DIC fields at
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Fig. 9 a DIC axial strain extraction (S1) along the z direction under the top support as a function of displacement. b Under increasing displacement,
tensile and compression strain become more asymmetric and the » location moves towards the top edge

from 0-50 kN with comparatively little change upon further
loading from 50-70 kN.

All specimens did not fail during quasi-static loading up to
40 mm displacement. Each specimen was capable of signifi-
cant plastic deformation, with microcracking only barely vis-
ible on the tension side. Asymmetric strain values were ob-
served above 5 mm displacement; i.e., at 25 mm displace-
ment, the axial tensile strain was around 29% at the bottom
and — 11% at the top of the specimen (Fig. 8). The neutral axis
(n) location, where the strain is zero, was not at the center of
the specimen after general yielding in the material (beyond
around 3 mm displacement). The » location was biased to-
wards the compression side of the specimen and became more
biased with increased displacement (Fig. 9). DIC is typically
not able to resolve the exact edge of a specimen; therefore, the
location of n may vary somewhat from Fig. 9 depending on
the correlation of the top and bottom edges being assumed of
equal quality.

This result suggests that the compression and tension mod-
uli of the material were not identical, which was not expected.
This result is due to uneven plastic deformation behavior in
compression and tension likely due to an artifact of the LPBF
process, i.e., microscale material property differences or resid-
ual stress distribution through-the-thickness. The difference in
compression and tension moduli requires that the equations
for determining stress be modified to take into account the
imbalance. Derivations of Egs. 1 and 2 are straightforward,
especially when the strain response is linear involving force
and moment balancing available in mechanics textbooks.
Geometry symbols are illustrated in Fig. 1 with F' representing
the applied load.

3FL;
o =—
"7 dwnt

Oc =01 (2)

The modified stress-strain behavior is shown in Fig. 10
with modulus (E), yield (0y), and maximum stress (Omax)
measurements of 189 GPa (C, 9.2%), 1370 MPa (C, 8.4%),
and 1750 MPa (C, 3.0%) for tension, respectively, and
235 GPa (C, 4.2%), 1620 MPa (C, 3.8%), and 3360 MPa
(C, 6.0%) for compression, respectively, on average. Yield
strength is measured as the 0.2% offset value, maximum stress
is the largest stress measured, and modulus is reported as a fit
to the 10004000 pe range. There is no strain to failure mea-
surement as the specimens did not break.

5.2 Fatigue loading

Fatigue loading was conducted in force control by targeting a
peak value in the range of 30—-60 kN, resulting in the range of

2000

1000
£ 0
2 ———S1 tens
%“ -1000 S2tens
o 2000 —S3 tens
oA - ——S1 comp
S2 comp
-3000 lﬁ/ S3 comp
4000 |
-30% -15% 0% 15% 30%
Strain, m/m

Fig. 10 Stress-strain response compensated for asymmetry in
compression and tension behavior based on DIC measurements from
the three-point bending test
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Table 1 Summary of test

measurements for quasi-static and Number  , at zero Compression measurement Tension measurement Fatigue
fatigue testing load
X y E, Oy, O maxs E, Oy, O maxo F,N Cycles
dir. dir. GPa MPa MPa GPa MPa MPa
1 2376 1650 3407 186.6 1317 1738 72,915 1
2 2436 1660 3142 173.1 1262 1702 71,671 1
3 2245 1553 3537 207.8 1479 1804 73,213 1
4 129 162 60,000 3782
5 128 174 60,000 3941
6 133 166 58,000 4787
7 130 184 56,000 6128
8 122 175 54,000 4656
9 131 188 50,000 5985
10 127 171 48,000 9040
11 131 182 46,000 8020
12 125 190 40,000 17,487
13 128 163 37,000 17,995
14 132 158 34,000 18,867
15 130 189 30,000 30,387

approximately 3 x 10° to 3 x 10* cycles (Table 1). A force of
50 kN corresponds to approximately the yield stress on the
tension side of a specimen (1370 MPa, C, 8.4%) but is likely
complicated by movement of the location of » and accumula-
tion of damage over time. In static loading, specimens were
able to displace to 40 mm without failing, but under fatigue
loading, displacements at failure were 2—4 mm, depending on
the peak force.

DIC images collected over several cycles at various frac-
tions of life showed that the strain distribution in the z direc-
tion was linear and asymmetric at early points in life, similar to

0 -
2% normalized lifetime
o0 ®0.25

x ©0.50 0.6
= 1% ©0.75 ©0.9
£ 0095 @1
n
= 0%
<

-1%

0 5 10 15
Z position, mm

Fig. 9, becoming increasingly nonlinear later in life. The neu-
tral axis moved from the specimen center towards the com-
pression side by as much as 1 mm at 90% of life, which was
much lower than observed in static testing (Fig. 9). Axial
strain extraction along the z direction under the center loading
support showed significant strain asymmetry in tension and
compression after approximately 75% of life, with a large
strain concentration on the tension side at approximately
90% of life (Fig. 11).

The remaining useful life as measured by the DIC at peak
tensile strain was sensitive to significant change after

S14: 0% of life

! 0.4%

! Exx

-0.4%

Fig. 11 S14 DIC axial strain extraction along the y direction under the top support and associated contour plots. The n starts biased towards the
compression direction at 1-2 mm, increasing with cycles. At around 90% of life, significant yielding on the tension side of the sample was observed
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(b) MTS measurements

Fig. 12 DIC measurements of peak tensile strain (a) and structural compliance (b) vs. various numbers of cycles (V) normalized to failure cycles (Vy). A
gradient of behavior appears to exist comparing cycling above to below the yield strength for this relatively small data set

approximately 90% of life (Fig. 12a). The DIC was not able to
reliably provide a signal for predicting life before 90%, unless
the volume of material undergoing failure was in the observa-
tion plane, which is an expected result. Occasionally the DIC
measured large changes in tensile strain as early as 60% of life,
such as for specimens S7 and S9.

The structural compliance, calculated as AS; = (dj—d,)/
(Fi—=F), describes the change in the force and displacement
at cycle j compared with the initial force and displacement
measured by the MTS frame. Compared with the DIC mea-
surement, the structural compliance is a global measure that
can be influenced by any member in the load path including
the fixture. Structural compliance was more consistent than
DIC but also only showed significant change at around 90%
of life (Fig. 12b). The structural compliance also showed a
slight stiffening effect when the fatigue load was significantly
below the yield strength (e.g., the displacement necessary for
the MTS controller to maintain the peak force was initially
decreasing for much of the specimen life before increasing at
failure). Strain measurement would provide a fatigue signal as
early as 60% of life at the location of a critical feature; other-
wise, a compliance measure of the whole structure could be
used but would only be sensitive at around 90% of life.

The relative magnetic permeability w, for several dif-
ferent specimens is shown in Fig. 13 for the first loading
cycle. The lowest value of u, corresponds to the peak
force, which was seen to be asymptotic at around 40 kN
in static loading (Fig. 7). The valley force, which here is
always 10% of the peak with an R ratio of 0.1, is very
different depending on whether or not the peak force was
above 50 kN. This could be due to residual stress devel-
opment or microstructural differences in the material
caused by plastic damage that influences the eddy current
response induced by the array.

The change in the i, signal over time was largely depen-
dent on subsurface damage and eventually final fracture
across the tensile side of the specimen. The eddy current re-
sponse was more sensitive to life when damage was localized
to where the array was placed; however, generally over time,
the minimum and mean measurement increased (Fig. 14). The
shape of the signal also changed, with a decreasing amplitude
as damage accumulated in the material.

The remaining useful life as measured by yi, was sensitive to
significant change after approximately 60% of life when the peak
force was greater than 50 kN and at approximately 80% of life
when the peak force was less than 50 kN (Fig. 15). The sensitivity
of this change was predicated upon colocation of the sensor and
the final failure. Eddy current measurements were observed to be
capable of approximating life based on peak s, signal change over
time with increased sensitivity for larger cyclic forces.
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Fig. 13 Magnetic permeability p, over the first loading cycle for
specimens of various peak force values. Peak force corresponds to
lowest /i,
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6 Conclusion

Ex situ evaluation of the AM maraging steel specimens, using
X-ray computed tomography and atomic force microscopy,
showed that there was relatively low porosity (0.34—0.36%)
evenly distributed throughout the volume. Nano-indentation
tests at z=20 mm showed higher indentation modulus and
hardness response with respect to tests performed at z=
0 mm, which was possibly due to increased residual compres-
sive stress at the top of the specimens. Evaluation of the nano-
indentation and porosity results supports a general consistency
for the material at larger scales, which would lend itself to well
the use of representative volume elements in stiffness simula-
tions at larger scales. Simulation of fatigue or failure will
require accurate representation of the microscale variation
and porosity.

In situ measurements of the relative magnetic permeability
1, and strain via DIC showed anisotropy in the material even
under zero load in the build plane. Asymmetric strain

@ Springer

amplitudes in compression and tension were observed with
DIC under quasi-static loading possibly due to a different
material response through the build direction of the part iden-
tified by nano-indentation and AFM. It may be that these
measurements are manufacturing-parameter dependent; how-
ever, cognizance of their behavior is necessary for more com-
plicated simulation and design. Experimental results indicate
that specimens were able to support extensive displacement
past yielding in static loading while failing after relatively low
cyclic displacements (2—4 mm) in the range of 10-30 k cycles.

Measurements of structural compliance and DIC tensile
strain over time were shown to be sensitive to damage at
approximately 90% of life. DIC measurements were situation-
ally more sensitive depending on colocation of failure and
observation where structural compliance was consistently ag-
nostic to failure location. Eddy current measurements were
better able to capture the mechanical state as early as 60% of
life depending also on failure location. Each method of mea-
surement was able to report on the state of the AM material for
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different points of life and given a relevant structural applica-
tion, monitoring techniques could be focused in critical areas.
With the experimental material-property-structure investiga-
tions contained in this work, parts could be designed to am-
plify the measurement signal by manipulating the print mate-
rial in a way that would not be possible with traditional
manufacturing techniques. This work contains the information
necessary to formulate a multi-scale simulation incorporating
microscale measurements as well as fatigue evolution charac-
teristics for strain and relative magnetic permeability.
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