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Process Monitoring and
Estimation of Material Properties
of Additively Manufactured
Components Using Model-Based
Inversion of Process
Compensated Resonance
Testing Data

Certification of additively manufactured (AM) parts and qualification of AM processes, sup-
pliers, and machines for aerospace applications involve significant mechanical testing, cost,
and time. The AM community requires capabilities for fast, affordable, and effective certi-
fication and qualification. These capabilities include rapid component and model valida-
tion, characterization of process and geometry impact on material properties, build and
process monitoring, and effective nondestructive evaluation (NDE). Process compensated
resonance testing (PCRT) uses the resonance frequencies of a component to rapidly
detect defective parts, monitor build and processes and post-processing, characterize mate-
rial properties, and can be used as a basis for model validation. This study examines the use
of PCRT model-based inversion to nondestructively determine the material properties of as-
built titanium AM components. Over 100 samples were printed with intentional variations
in build parameters, with the intention to produce generic “acceptable” and “unaccept-
able” components. PCRT modeling tools were then used to train the inversion code algo-
rithms. The model-based inversion estimated the elastic properties of the as-built parts as
well as a residual fit error, identifying several components with outlying properties. Parts
were then mechanically tested, and the outliers were confirmed. As PCRT model-inversion
is a powerful NDE method, several examples are described showing how inversion results
can augment traditional AM inspection techniques. [DOI: 10.1115/1.4054144]

Keywords: aerospace engineering, damage classification, manufacturing processes,

materials testing, testing methodologies, vibrations

1 Introduction

Additively manufactured (AM) components are being used
increasingly in more critical applications. Certification of AM
parts and qualification of AM processes, suppliers, and machines
for aerospace applications involve significant mechanical testing,
cost, and time. Traditional nondestructive evaluation (NDE)
methods are used in AM components for examining surface and
internal defects. Typical surface inspections include visual inspec-
tion, penetrant inspection (PT), surface roughness, and dimensional
inspections via gauges or coordinate measurement machines. Sub-
surface and internal inspections include radiography (RT), ultra-
sonic (UT), and computed tomography (CT) methods to name a
few [1-3]. UT and PT can be limited in their effectiveness
because of complex geometries, surface roughness, and pre-
machining variation in parts after initial removal from build
plates. While RT and CT methods are not limited by the complex
part geometries, layer-level AM defects are often harder to
resolve due to the resolution levels of the components [1]. Other
process monitoring tools may evaluate the quality of the feedstock
powder prior to the build or use optical or thermal sensors to attempt
to detect deviations during the build [2]. Feedstock powder
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evaluations will detect material deviation prior to the build and
avoid the time and cost of building with bad powder, but it
cannot account for build process variations that can produce an
unacceptable part [4]. Optical and thermal sensing during the
build can also detect some geometric and material state deviations,
opening the possibility for aborting a build with defects or possibly
salvaging the build with a correction to the process [5]. However,
the final product of the build must still be checked against accept-
ability criteria to ensure the component is fit for use, especially if
the process has been interrupted or altered to salvage a build.
Volumetric inspection methods, such as process compensated
resonance testing (PCRT), can inspect the full range of geometric
complexity in parts made by AM while also detecting variation in
partial state produced by AM process variations [6—8]. PCRT, via
swept sine input, offers significant advantages for the AM commu-
nity through the collection and analysis of the resonance frequency
data for each part in an AM build. Variations in the component’s
material state, and by extension mechanical performance, caused
by process and/or powder variation will manifest as differences in
the resonance frequencies, also called natural frequencies, of a
part. Historically, applications of PCRT have evaluated parts by
comparing a part’s resonance to a database of spectra recorded
from a training population of characterized acceptable and unac-
ceptable components. PCRT has been used similarly for AM mon-
itoring [6] and has been identified as one of only two NDE methods
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that can inspect the full range of geometric complexity in parts
made by AM [8].

To improve PCRT capabilities for characterizing material states,
PCRT research has focused on developing modeling and inversion
capabilities to better predict the effects of changes in material,
geometry, and damage states on the resonance frequencies [9]. His-
torically, resonance inversion methods use an energy minimization
technique that finds resonances of a solid body by approximating
solutions of the mechanical Lagrangian within resonance ultra-
sound spectroscopy (RUS) [10,11]. While this approach is compu-
tationally inexpensive, it is limited to simple, elastically
homogenous geometries such as spheres, rectangular parallelepi-
peds, and cylinders. To perform inversion of more complex geom-
etries, material characteristics, and damage states, a finite element
method (FEM) modeling approach can be implemented. To
reduce the computational time of FEM inversion, surrogate
models can be improved using different sampling schemes and
model approaches [12]. PCRT model-based inversion, supple-
mented by FEM results, has demonstrated the determination of
elastic material properties, crystallographic orientation, and
damage states in coupons and multiple geometries made from tita-
nium, steel, and nickel-based alloys [13—15].

The goal of this study was to demonstrate the ability of PCRT
model-based inversion to estimate material properties of AM Ti—
6A1-4V (Ti-64) components built under a variety of conditions.
An FEM population of as-built cylinder coupons was used to
train an inversion model. Resonance frequencies of printed cylin-
ders were measured with a PCRT fixture and the data feed into
the inversion code loop. The outputs of the inversion code were
the best-fit material property estimations of the printed cylinders.
Mechanical testing confirmed PCRT inversion estimations of
parts with suboptimal properties.

2 Materials and Methods

2.1 Initial Modeling Efforts. Using FE simulations, a series
of forward models of AM cylinders were created to act as a training
set for the inversion code. A block Lanczos solver was used with the
FEM code ansys to generate the resonance frequencies for each
simulation. A mesh sensitivity study was performed to optimize
the mesh for accuracy and computational time. The study ran
modal analyses the baseline Ti-64 cylinder specimen with succes-
sively finer meshes and compared the frequency error between
each run until a convergence criterion was met. The mesh at conver-
gence comprised approximately 150,000 tetrahedral mesh elements.
Figure 1 shows an example of two modeled resonance modes of the
cylinder (showing an expanded view of torsional and bending
shapes that can occur) with the overlayed mesh of the AM cylinder

Torsion Mode

0 0.050 m

1
0.050 m

Fig. 1
cylinder

Example torsion and bending mode from FEM of AM
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used. Next, a series of one-factor-at-a-time (OFAT) FEM simula-
tions were performed with the cylinder model. The simulations
varied individual geometric and material parameters to evaluate
their effect on the specimen resonance spectra and establish a
normal distribution of parameter variation versus resonance fre-
quencies. Figure 2 shows the frequency changes for the geometric
and material changes simulated in the AM cylinder. The largest
change in frequencies occurred with variations in Young’s
modulus (E), followed by Poisson’s ratio (v), and density (p) as esti-
mated from the expected variations that would be present on the
printed cylinders. Because the length and diameter of the AM cyl-
inders can vary slightly (depending on machine tolerances and
cutoff of electrical discharge machining (EDM) wire), variations
in length (L) and diameter (D) of the cylinders were considered
and were shown to have a strong influence on the individual reso-
nance mode shapes or pattern between mode shapes. Due to the
build settings, residual support material was often left on the
bottom edge of one side of each cylinder creating a rounded edge
on one end. When modeling the rounded edge, shown as a black
solid line in Fig. 2, the effect on the resonance frequencies was
less than 0.3% across all modes. As this was less than the effects
of L, D, or material properties on resonance frequencies, the
rounded edges were not included as factors in the inversion
design space.

2.2 Model-Based Inversion. Process compensated resonance
testing model-based inversion determines the material state of a
component by fitting a modeled prediction of resonance frequen-
cies, based on known material state information, to the component’s
measured resonance spectra. This inversion process is summarized
in Fig. 3. Similar inversion processes used in this study are
described in more detail in Ref. [9].

The measured resonance frequencies of each part, measured with
PCRT (described in Sec. 2.4), and an initial guess of their material
properties were passed to the inversion loop. The frequencies from
44 of the parts measured resonance modes were used along with an
initial guess of E and v of an isotropic Ti-64 alloy. Additionally, the
masses and dimensions of each part were added to the inputs in
order to reduce the number of unknown variables for the inversion.

In order to create a robust training set of parts for the inversion
code, a design space was created that included a population of
221 cylinders, sampled in a Latin hypercube manner, to encompass
the expected variation be printed across the AM builds. Table 1
describes the parameters used in the modeled design space
training set.

Next, the inversion loop took the initial property guesses and
interpolated within the FEM modeled design space that best corre-
sponded to those guesses. The resulting interpolated frequencies
were then compared to the measured sample frequencies and the
root-mean-square of the residual errors (RMSEs) were calculated
across 44 resonance modes and passed to the optimization
routine. The optimization routine made changes to the parameter
values based until a best-fit solution was found that met the conver-
gence criteria. The convergence criteria here included an analysis of
the RMSE, boundary limits for the independent variables (material/
dimensional), and the change (or lack of change) in the results from
each iteration. Non-linear least-squares estimation is not guaranteed
to multiple repetitions of each inversion performed using different
initial values. Initial values were chosen pseudo-randomly using
Latin hypercube sampling to ensure that the full range of parameter
values in the given bounds was represented [16]. Finally, the best-fit
solution was then chosen as whichever repetition had the lowest
RMSE. The resulting RMSE, best-fit solution of E, and best-fit
value of v of the measured spectra were output from the code.

2.3 Heat Transfer Simulations to Estimate Desired Process
Parameters. The intent in this study was to build parts with arange
of mechanical properties to simulate rages of properties an end user
may deem as acceptable and non-acceptable. Parts intended to have
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unacceptable tensile results were built with build process variations
to produce lack of fusion (LOF), porosity due to undermelting, or
keyhold porosity due to overheating. In order to estimate the
optimum processing windows for these conditions, a series of 10
simple 2D finite difference heat diffusion simulations were con-
ducted on a Ti-64 alloy by the part manufactures on a proprietary
software. The simulations varied the simulated laser power (LP)
from 60% to 100% (LP60-LP100) and layer thickness (LT) from
60 to 120 um (LT60-LT120). The laser diameter (100 um), hatch
spacing (120 ym), and printing path of the components were held
constant in these simulations to minimize variables in the as-built
components. The simulations considered the heat transfer in a 2D
slice while the effect from the bottom layers was not considered.
Also, simulations also considered heat loss, convection, and radia-
tion heat loss. The associated energy densities of each simulation
were calculated, and the results for 10 of these simulations are
shown in Fig. 4. The simulations were evaluated for porosity and
how well the samples melted. Overheating maps confirmed that sim-
ulations 1, 2, 3, and 4 showed excellent melting conditions and were
less likely to have any LOF as well as keyhole porosity issues. Sim-
ulations 6 and 7 with energy densities less than 19 J/mm’ had the
lowest laser power settings and showed the poorest density and
lack of melting. The rest of the samples were considered to have bor-
derline melting conditions. The simulation settings for acceptable

Initial
Start P oter Measured Res-onance
Guelsses Frequencies
- . L
FEM Models
In'ven:sm'n Interpolated Modeled
Inversion Optnmlz.atnon Resonance Frequencies
Loop Routine -
Residual Error
. Calculation -
¥
Finish Best Fit
Parameters

Fig. 3 Diagram of PCRT model-based inversion
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and unacceptable melts were used as guidelines for the build settings
in the as-built parts to manifest likely acceptable and unacceptable
mechanical properties. For example, build settings were used to
match simulation #6, LP of 60%, and a layer thickness of 60 um,
with the expectation this would produce poor porosity in the
sample and thus have lower mechanical properties than the other
groups. It was noted by the manufacture, however, that any post oper-
ations such as hot isostatic pressing (HIP) on the components may
reduce or completely eliminate the porosity of the samples.

2.4 As-Built Samples and PCRT Data Collection. Table 2
describes the 140 titanium cylinders built on a four laser powder
bed diffusion (PBD) machine. Cylinders were 87.3 mm long by
11.95 mm in diameter. Parts were built within six build setting
groups with intentional variation in LT from 60 to 120 ym or vari-
ation in LP from 60% to 100% within each group. The group names
are listed in Table 2 along with the associated laser power and layer
thickness settings built for each group. For example, the build group
LT80 consisted of 20 parts with build settings of LT of 80 um and
an 88% LP. While most parts were produced evenly over several
builds, all parts from the LT80 group came from a single build
and were approximately 0.8 mm (1%) longer than the cylinders
from all the other builds. All part mass measurements were taken
with a scale and dimensions were measured with calipers. In
typical part production, the cylinders would have been blasted,
HIP’ed, and etched. However, the populations for this work were
not HIP’ed so as not to eliminate any porosity that occurred due
to the build settings.

Process compensated resonance testing spectra were collected on
each cylinder on a standard PCRT engineering fixture shown in
Fig. 5. One piezoelectric transducer induced a swept sine wave
across the frequency range of interest (Drive), two transducers

Table 1 Model input parameters for FEM design space

Young’s
Densigy modulus  Poisson’s  Length  Diameter
(kg/m”) (GPa) ratio, v (mm) (mm)
Baseline 4330 119 0.32 87.5 12
Lower bound  4243.4 107.1 0.272 87 11.8
Upper bound  4416.6 130.9 0.368 88 12.2
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were used to measure the response (Ch 1 and Ch 2), and one trans-
ducer was used to provide stable support of the cylinder. The repeat-
ability of the resonance measurements on the fixture was also
studied by making 30 repeat measurements of the same part. Mul-
tiple measurements included variation in part temperature and
placement of the fixture (including part rotation). The measurement
repeatability of the frequencies for most modes was between 0.02
and 0.06 (standard deviation, %). The repeatability of this data
was considered very good. Scanning from 11 to 250 kHz took
approximately 2 min per part. Results were added to a database
of all components and 87 individual resonance modes of each
part were evaluated. Out of the 87 modes, 44 measured resonance
modes, corresponding to ANSYS FEM modeled modes, were iden-
tified and feed as inputs to the inversion code. While not used for
inversion investigation here, PCRT data were also taken on each
machined dogbone before tensile testing.

To provide more direct information as a comparison to the PCRT
and model-based inversion results of the coupons, tensile testing was
performed. A 20 kip Instron tensile screw-driven rig was used with a
strain rate through 0.2% yield of 0.0127 cm/min at 24 °C. Results
included a reporting of each part’s ultimate tensile strength, yield
strength, and % elongation. One hundred and ten of the cylinders
were machined to ASTM E-8 compliant dogbones for tensile
testing [17]. Several cylinders from each build group were not
machined and a total of 30 samples were retained for future micro-
structure evaluations, heat treatment, and other NDE studies.

3 Results and Discussion

3.1 Model-Based Inversion Results. Figure 6 shows the
best-fit inversion results of £ and v along measured cylinders for

Table 2 As-built parameters used for AM component builds

Group Laser power (LP) Layer thickness (LT) Number of
name (%) (um) parts
Reference 100 60 40
LP85 85 60 20
LP70 70 60 20
LP60 60 60 20
LT120 100 120 20
LT80 88 80 20

041002-4 / Vol. 5, NOVEMBER 2022

all 140 cylinders created. In the majority of parts, and those in the
reference set, the average E was 119.5 GPa and the average v was
0.321. These values are consistent with those from a cast titanium
Ti-64 alloy. The RMSE across all 44 resonance modes calculated
for the cylinders is shown in Fig. 7. Typical RUS inversion
results with RMSE up to 0.5% constitute a good fit [15] so the
RMSE <0.3% here gives increased confidence in the parameter esti-
mations output from inversion. Additionally, confidence in the
modeled and inversion results requires a good match between
the physical and simulated resonance frequencies. Figure 8 shows
the % frequency difference between the FEM model, using
best-fit inversion properties, compared to measured frequency

(b)

User Interface

Control Computer
PZT
Transducers

Transceiver

Fig. 5 Cylinder on PCRT engineering fixture
system schematic (b)

(@) and PCRT
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resonance modes for six cylinders (one from each build group). The
match was considered good as the majority of modeled frequencies
showed a very close measured frequency match (+0.3%).

Several inversion result outliers, produced across multiple builds
within each group, were found to be printed at the same build plate
location. For instance, parts produced in positions 13, 31, and 43 are
labeled within the reference, LP60, and LT120 groups, in Figs. 6
and 7. The inversion results for these parts were outliers when com-
pared to the results from the rest of their respective groups.
However, the RMSE indicates a good parameter estimation of
these properties. Also, at a lower laser power, for a given speed,
the PBD melt pool will be smaller. This in turn reduces the
chance of turbulence and splatter, and the entrainment of neighbor-
ing powder on the parts. However, if the LP is too low, it could lead
to LOF defects as the laser cannot penetrate deeply enough to fully
melt the powder layer and the top surface of solid metal below it.
While parts produced from 88% to 100% LP had overlapping prop-
erties, parts produced with the lowest laser power LP60 had the
lowest values of E and v as well as the largest spread of variation
across the parts. Similarly, several of the thick powder layer

LT120 parts also had low E and v inversion results. This is consis-
tent with potential LOF defects in these groups.

3.2 Mechanical Results. Figures 9-12 show the mechanical
results of E, tensile strength, yield strength, and % elongation of
the machined AM dogbones machined from the cylinders. Of the
110 samples sent for testing, one sample from the LP60 group (posi-
tion 30) was reported as invalid and the results are not reported. The
outliers identified by inversion were found to be outliers in one or
more of their mechanical properties. For example, parts in build
plate positions 13, 31, and 43 from the LP60, LT120, and reference
groups were outliers with low tensile strength compared to the rest
of the population and parts within their group. Position 13 from the
reference group also had mechanically lower yield strengths and %
elongation compared to the rest of the reference parts. Parts in the
LP60 and LT120 groups were found to have the largest spread of
mechanical values, consistent with inversion results. Nominal
Ti-64 alloys are reported with E values ranging from 90 to
120 GPa and tensile strength values ranging 90-140 GPa [18].
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The printed parts showed E values within this range for all parts.
Parts printed at positions 13 and 43 in groups LT120 and LP60
had slightly lower tensile strength values.

Figure 13 shows the inversion results of modulus compared to the
mechanical calculations of E. Overall, the inversion estimates were
5% lower than the mechanical calculations. Part of this offset can be
attributed to an expected standard deviation of +5% for elastic
modulus measurements from tensile testing [19,20]. Even with
this offset, a linear correlation is present between the inversion
and mechanical calculations of E with an R* value of 0.8058 as
shown in Fig. 13.

The scope of this project limited the inversion code to fitting parts
only with dimensions, mass, E, and v and assumes isotropic prop-
erties. Not all as-built AM materials will be isotropic, and it is
unknown if the parts in these builds have additional alignment char-
acteristics perpendicular to the build direction. Future work can esti-
mate microstructure on some components by further NDT or
destructive material analysis of the 30 of AM cylinders that were
not machined into dogbones or tensile tested. The inversion code

Journal of Nondestructive Evaluation, Diagnostics
and Prognostics of Engineering Systems

is also blind to other part properties that can affect the mechanical
results, such as residual stress on the outside of the part. For
example, solidification conditions during an AM build can cause
variation in the Ti-64 grain structure, texture, and material proper-
ties on the outside surface of the part compared to the center [21].
While microstructure of the parts were not examined in this
study, however, the measured mechanical trends are very similar
to the trends shown within the part’s resonance response. The
overall model to measure match of the parts was considered a
good fit (Fig. 8) and the inversion RMSE across all resonance
modes was less then <0.3% for all parts. Typical RUS inversion
results with RMSE up to 0.5% constitutes a good fit [15], so the
lower value in this study gives increased confidence in the material
parameter estimations.

4 Discussion: Use of Model-Based Inversion Results

The rapid range and complexity of AM processes add many chal-
lenges to developing physics-based models with repeatability and

NOVEMBER 2022, Vol. 5 / 041002-7
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reproducibility of predictions across varying processes and process
parameters. A significant advantage in PCRT model-based inversion
is the ability to quickly output the material properties on each com-
ponent. Inversion can be used in a similar way through the entire pro-
duction process (heat treatment, machining, etc.) and service life of
the components as variations in those processes will affect the com-
ponents’ material states. The material properties can act as inputs for
acomponent’s physics-based model that can be used in model-based
fatigue, fracture, and microstructure part qualification. Additionally,
the effectiveness of resonance frequency residual error has been
shown as a means of measuring model fidelity [9].

Aside from modeling, inversion results can provide NDE for
enhanced AM part characterization, qualification, and process mon-
itoring. In an operational context, the parts would be removed from
the build plate, scanned with PCRT for select frequencies, and have
their best-fit inversion results displayed within seconds. An opera-
tion inspection would have limits placed around the acceptable
and unacceptable inversion results. Determining the limits would
be based on what the users deem acceptable or not. For example,
Fig. 14 shows a representation of a pass/fail PCRT inversion

inspection based on the inverted best-fit £ values. Any components
with modulus values inverted within the specification limits pass the
inspection. Components with modulus values outside the specifica-
tion limits fail the inspection. For this example, limits have been set
arbitrarily between E values of 117.5 and 121 GPa as this encom-
passes variation within 95% of the reference set of parts. This
inspection fails several of the outliers as well as half of the LP60
group components.

Another characterization method that can be used in the filed
would be to evaluate the parts that are being produced in relation
to the build map and or related process settings. Detecting defective
material properties in the post-build state allows those parts to be
removed from the process stream without spending additional
resources on additional machining, heat treatments, or other
costly post-processing. For example, Fig. 15 shows the build map
of the AM parts in this study. Each square represents a part position
on the X and Y plane build map. The number in each square shows
the inverted E results found through PCRT. The shade of each
square shows the relative values of E within the build plate. As
shown, the center of the plate produced parts with lower inverted

121 -
F

E-:_ 120 LT
» O 9
é 119 °
S 118
n
§° ALz y=0426x+71.467 *
L 116 R2 = 0.8058 L] » Reference
E © LP85
;E 115 + LP70
e = LP60
s 14 s LT120

113 = x LT80

—Linear (LP60)
112
90 95 100 105 110 115 120
Inversion Best Fit Young's Modulus, GPa
Fig. 13 Inversion best fit versus mechanical reporting’s of E

041002-8 / Vol. 5, NOVEMBER 2022

Transactions of the ASME



[y
N
w

o 121
(-9
(U]
=
2 119
2
]
>
£ 117 wa13
£ 43 * *31 [ Reference
jd
i © LP85
43+
-~ * LP70
—
g FAIL =31 = LP60
113 13" 43 + LT120
x LT80
111 \ 4
0 20 40 60 80 100 120 140 160

Sample Index
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E values. It was suspected that turbulent air flow in the middle of the
plate was causing a cooling rate change, thus affecting the micro-
structure and resulting modulus values of the part. With this knowl-
edge, the AM manufacturer can decide if they need to change the
build settings or build map locations of parts to eliminate or
avoid the problem areas.

Model-based inversion can also allow insight into part character-
izations not found with traditional PCRT analysis such as PCRT
Z-score calculations. The Z-score analysis begins with logging res-
onance spectra data for parts within a database and designating a
subset of these parts as a reference set of nominal acceptable prop-
erties. Equation (1) provides the calculation of the Z-score (Z;) for a
given resonance frequency (FQ;). For each mode of vibration j, the
average frequency across all parts in the reference set, FQ;, is
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calculated. Then, for each part/mode combination (ij) in the data-
base, including parts outside of the reference set, a Z-score Z;; is cal-
culated from Eq. (1) where n is the number of modes of vibration in
the database:

7. FQ; - FQ,
== —=
Y FQy - FO) - 1)

The Z-score average, Z;, for each part is then calculated by aver-
aging the Z;; values across all the modes for each part. The Z-score
average calculation uses expression (2):
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Fig. 15 Color scaled best-fit inversion E results (GPa) of each part overlayed with the AM build map
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Finally, the Z-score standard deviation is calculated from the Z;
values and Z; for each part. The Z-score standard deviation calcula-
tion uses expression (3):

2z - zy
(n—1)

Zstdev,i = (3)

The Z-score standard deviation is then plotted against the Z-score
average in a scatter plot. The Z-score average quantifies bulk fre-
quency variation in the spectra (all modes shifting to lower or
higher frequencies together) and often correlates to bulk material
properties like Young’s modulus. The Z-score standard deviation
quantifies pattern variation in the population’s resonance spectra.
If the modes of a part’s spectrum have some modes with higher fre-
quencies and some with lower frequencies relative to the rest of the
population, it will have a higher Z-score standard deviation value.
The Z-score standard deviation often correlates to localized material
state variations or defects.

Figure 16 shows a PCRT Z-score characterization of the compo-
nents in this study, developed in accordance with an outlier screen-
ing inspection described by ASTM E3081 [22]. Arbitrary limits
(+20) were place around the Z-score so that a part with an
average Z-score or Z-score standard deviation outside of the limit
will fail inspection. This inspection fails outlier parts from groups
LP60 and LT120. This is consistent with the fact that they have
unacceptably low modulus and tensile strength. Yet, this inspection
also fails all the LT8O parts as discussed in Sec. 2.4; the LT80 parts
were approximately 0.8 mm (1%) longer than the rest of the cylin-
ders produced due to how they were cut from the build plate.
Because they were heavier and longer than the majority of the
parts, their resonances were shifted causing them to fail inspection.
In most AM applications, this is not as critical because often parts
go for final machining to remove any residual material or support
structure remnants before they are put in use. Because geometric
and mass variation was accounted for within the FEM design
space used to train the inversion code, inversion did not flag these
parts as outliers. If it is desirable to identify these parts, PCRT
pass/fail inspections without inversion can be configured, as
described by ASTM E3081 [22].

5 Conclusion

This study generated an FEM trained inversion model to measure
material properties of AM titanium parts. Good model to measure

041002-10 / Vol. 5, NOVEMBER 2022

frequency matches as well as low RMSE fits between the inversion
model and measured resonance frequencies of the parts gave
increased confidence to the accuracy of the best-fit material proper-
ties. Inversion identified parts that were likely to have underper-
forming properties, and this was confirmed with tensile testing.
The inversion best-fit properties of E for the AM parts were
within 5% of the absolute measured tensile measurements. The
study also presented several examples how model-based inversion
results can be integrated into and augmented with traditional
NDE AM inspection techniques for field service inspection as
part of AM part certification or AM processes qualification.
Future work will include inversion studies confirmed with micro-
structure evaluations as well as inversion of more complex parts,
damage states, and material HIP’ed parts. Investigations will also
continue on how the inversion results can act as inputs into physics-
based models of parts, allowing more rapid model validations and
build parameter optimizations in the field.
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Nomenclature
D = diameter
E = Young’s modulus
L = length

ASTM = ASTM international

Ti-64 = titanium alloy Ti-6Al-4V
v = Poisson’s ratio
p = density
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