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Abstract

Automated Ball Indentation (ABI) is a viable method for estimating the ductility, yield
stress, and ultimate stress, among other metrics, in different metallic materials. Currently, ABI
data analysis utilizes Holloman’s Power Law to model the plastic region of the true stress-true
strain curve. While this formulation is accurate for some materials, its relevance for additively
manufactured austenitic stainless steels, such as 304L, needed investigation. The deviation of the
material’s plastic behavior from the Power Law was investigated. In order to better model this
behavior, both the Voce and Ludwigson formulation were investigated. These formulations were
tested for both wrought and additively manufactured 304L stainless steel. Regression analysis was
used to choose the appropriate fit. The chosen formulation was then used to generate a material
model to simulate the ABI process. These simulations were validated through experimental
analysis.

Introduction

Traditionally, metal components for various engineering applications are fabricated from
a raw stock material, through steps of machining and assembly. The choice of raw material usually
depends on the requirements of the engineering application. The properties of these raw materials
are established through extensive characterization. Post-fabrication, the same stock properties are
expected from the machined and assembled components. This approach has been successful and
is widely used to date. However, the buy to fly ratios for fabricating components in this manner
can be high. Especially, fabricating components from tough and expensive materials can be
challenging. As a solution, Additive manufacturing has been identified as a potential means to
fabricate such components in an economical fashion.

Additive Manufacturing (AM) is capable of fabricating traditionally infeasible
complex geometries from multiple varieties of material. It is also fundamentally different
from the traditional approaches. Instead of removing material from a raw stock, AM lets
one fabricate individual components piece by piece by adding material in a layer by layer
fashion. Unlike conventionally used subtractive manufacturing, the properties of the AM parts
cannot be traced back to stock material. Additionally, AM materials/parts have been known to
possess excellent yet anisotropic properties. The properties of AM material have been known
to vary with attributes such as part size, build strategy, laser power, scan speed etc. [1-6]. The
lack of the possibility to trace back the properties to a stock material and the wide variation
within the material makes part inspection and qualification quite challenging.
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Destructive testing of AM components to assess the influence and variation caused by the
various attributes of the fabrication process can be cost prohibitive, counterproductive and
difficult. In order to economically investigate the material performance of AM material, miniature
tensile testing was utilized [7-9]. While miniature tensile testing was successful in characterizing
AM material, it is still a destructive mode of testing. The relevance of these results may also be
questioned as it is suspected that the part geometry has an influence on part properties. If the
geometry from which the mini-tensile specimens were sampled, happens to be substantially
different from the part under scrutiny, the data from mini-tensile testing might be invalid. For
reasons of such ambiguity, there is a need for non-destructive means to characterize and inspect
AM material and components.

Currently, there exists a wide range of capabilities for performing a non-destructive
evaluation for inspection and characterization. Techniques involving, acoustic sensors, infrared
sensors, X-rays, microwaves, eddy currents, natural frequency etc. are used from routine
inspection to characterization[1,10-15]. Automated Ball Indentation (ABI) is one of such non-
destructive testing methodologies. It is capable of estimating multiple material properties. ABI
techniques utilize ball indentation data and empirical analysis to estimate various mechanical
properties. The ABI technique was developed by Haggag et.al. and is currently standardized
through ASTM[16]. The technique has also been proven to be effective for fracture toughness
estimation[17].

Multiple researchers have demonstrated the viability of utilizing the ABI technique to
estimate the mechanical properties of metals. It was claimed to be capable of monitoring the
structural integrity of components in nuclear, aerospace, chemical and process plants. This was
demonstrated by investigating the viability on materials favorite to these industries[18]. The
technique was also found to be capable of identifying spatial gradients in material properties from
welding[19]. His technique was also capable of identifying the influence of aging time on
mechanical properties of Inconel 625 alloy[20]. While the technique shows great promise, the
relevance and validity of this technique for every material requires investigation.

In this paper, the validity of the ABI technique for investigating the mechanical properties
of powder bed fabricated 304L stainless steel were investigated. The validity of some assumptions
central to the empirical analyses involved in processing ABI data was also investigated. For a
better understanding of the technique, the indentation process was also simulated using finite
element analysis techniques. Mechanical properties gathered from destructive testing were
compared with values estimated through ABI testing.

Theory

The ABI technique uses load vs. depth of indentation data gathered from guided loading
and unloading cycles of a ball indenter to estimate various material properties. A schematic layout
of the empirical analysis involved in estimating yield strength, engineering ultimate strength,
strength coefficient, strain hardening exponent and Meyer’s index is shown in Figure 1. The
equations involved in the empirical analysis are shown in Figure 2.
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The depth of indentation data is used to estimate the chordal diameter of indentation. Using
the chordal diameter the mean pressure over the indent during the process of indentation is
calculated. The mean pressure vs. chordal diameter data is fit to Meyer’s law to estimate ‘A’
parameter and Meyer’s index. The ‘A’ parameter and tensile yield strength of the material are
theorized to have a linear empirical relationship. Therefore the ‘A’ parameter estimated from
indentation can be used to estimate the yield strength of the material. The load and chordal
diameter data is also used to estimate the true stress and corresponding true plastic strain data, at
the end of each loading cycle. These eight points of true stress and strain can be used to model the
flow curve and thereby obtain estimates from strength coefficient and strain hardening exponent.
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Figure 1. Schematic layout of data processing involved in estimating yield strength, strength
coefficient, strain hardening exponent and Meyer’s index[16]
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Figure 2. Representation of True (pileup, di) and Chordal diameters (in-plane, dp) of an ABI
impression[17].

The Holloman’s power law (Equation 1) used to the model the plastic portion of the true
stress-true strain curve is not an accurate formulation for austenitic stainless steels such as 304L
stainless steel. A significant deviation from estimated stress value is noticed for low values of
strain. The Ludwigson (Equation 1) and Voce formulations (Equation 3) are more accurate in
estimating the full plastic behavior of 304L stainless. This was demonstrated at multiple
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temperatures for 316L austenitic stainless steel by Choudary et.al.[21]. The equations of the
formulations are shown below. Where o is the calculated true stress, €, is the calculated true plastic
strain, k, n, k1, n1, A and B are empirical parameters. The parameter ‘n’ from both Ludwigson and
Voce formulations is analogous to the strain hardening exponent obtained from the Holloman
formulation.

o = k(g)" Equation 2
0 = k(gy)™ — ek 1)) Equation 3
o0=B—(B—A)e " Equation 4
True plastic strain: Strain range: 0-0.2
e = 0.2d, Empirical equation by Tador
P D
True Stress: &E
rue stress AP & = Indentation variable; & = 0 232
o = 3 A00:
ﬂdp o) Omax = 2.87ap,
Constraint factor: = Omax — 1.12
1.12 d<1 In(27)
§= {1.12 +tind 1< <27 a, = Constraint factor index
S ¢ > 27
Meyer’s Law: P=Load
P d, m=2 d,= Total diameter of the indentation
d_tZ =4 (5) m= Meyer’s index

D= Indenter diameter
A= Yield parameter

- - ) 1 1
Indentation plastic diameter: C = 547p (_ + E_)
2

1 E,
( n (ﬂ)z )’ E1, E2, are the Young’s moduli of the
d. =105CD b 2 indenter and the test material respectively
P ' 5 d, 2 hp, dp are the plastic depth of indentation
L lhp + (7) - hpDJ ) and plastic chordal diameter
Yield stress: Empirical equation by Haggag

o,=p,A+by pm is the material yield slope

bm is the material yield constant

Figure 3. Equations involved in the ABI empirical analysis analyses, these equations are used in
the sequence shown in Figure 1 [17].

Experimental setup

The stainless steel analyzed in this paper was procured in three states, (1) powder bed
fabricated in as-built state, (2) powder bed fabricated and heat treated, and (3) wrought, cold rolled
and annealed. The stainless steel fabricated using the laser powder bed fusion process was
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produced on a Renishaw AM250 powder bed machine. The parameters used for fabrication were
optimized for density and smooth downward facing surfaces. 304L stainless steel powder in the
size range of 15-45 micron was used for fabrication. The heat treated material was produced by
subjecting the as-built material to 300C for 1 hour. The wrought material was commercially
procured.

The ABI indentation was performed using a commercially procured machine. The machine
was designed and produced by ABI Services LLC. The indentations were performed using a
0.75mm diameter WC ball indenter. A schematic representation of the loading and unloading
cycles is shown in Figure 4. The current implementation of ABI testing involves eight cycles of
loading and unloading. Each cycle has the same amount of depth of indentation. The depth of
indentation for each cycle is the ratio of peak depth (input as a percentage of the radius of the
indenter) and indentation and the total number of cycles (8 cycles). The unloading at the end of
each cycle is intended to relieve any elastic deformation and accurately estimate plastic
deformation. The Figure 3 highlights the relationship of varying %radius and unloading percentage
with load and depth of penetration data.
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Figure 4.An illustration of the load vs. depth of indentation (displacement) obtained using
controlled loading and unloading of a ball indenter[17]

A finite element model was created using ANSYS APDL 18.1 simulation software in order
to simulate the plastic deformation occurred during the ball indentation process. Using ANSYS, a
script has been written to simulate the ABI testing process. This included a ball indenter situated
over a block to be indented on. The ball indenter has been meshed in order to define the contact
surface, and the test block has been meshed to optimize accuracy and calculation time using
mapped meshing techniques. The meshing schemes are shown together in Figure 5. Contact and
Target surfaces have been defined as the areas on the indenter and the top face of the base block
respectively. These surfaces will allow for the indenter to deform the target surface on the base
block. The ball was meshed using fine free meshing. This allows the program to create a non-
uniform map of nodes across the indenter to evenly place nodes on the contact face. The base was
meshed with a mapped cubic 8 node mesh. This allowed for a finer mesh to be created closest to

©2018 The Department of Energy’s Kansas City National Security Campus is operated and managed by
Honeywell Federal Manufacturing Technologies, LLC under contract number DE-NA0002839.
1353



the point of indentation on the block. Doing this improves the quality of the results in the area
around the indentation, as well as speeds up calculation time due to fewer elements being used in
non-critical locations. A quadratic 20 node 3D element was used to simulate the material behavior
during indentation.

ELEMENTS

Figure 5. A meshed model of the ball indenter and the test block.

The material parameters of the ball were the same as the values used by the ABI analysis
software. The model currently accounts for the material properties of the test block by including
modulus of elasticity of 304L (from literature), the nonlinear plastic deformation section of the
stress-strain curve (experimental, gathered from testing 6mm X 1mm X 1mm Miniature tensile
specimens specimen of SLM material [9]), and the Poisson’s ratio of 304L (from literature). The
model is set to a constant temperature and temperature dependent properties are ignored due to it
having a negligible effect on results. A transient analysis was used to replicate the indentation
process. 200-time steps were used in order to displace the indenter in steps down into the block
and back up to a position that is clear of the block. These steps were based on the experimental
data. The location of the ball during the loading and unloading cycles was identified and used as
the input for indentation simulation.

The test block was created to be larger than the interaction volume for ball indentation tests
in which the material is affected. This interaction volume was based on the cut-off that plastic
deformation wouldn’t go beyond twice the diameter of the indenter. This allowed for directly fixed
constraints to be used on the outer faces of the block as well as the bottom face of the block. The
indenter is fixed above the block base at all of the individual nodes of the block. The indenter is
then moved downward/upward in a cyclic fashion over the course of 200 individual steps, end of
indentation the indenter moved upward to remove the load on the block. Each step resets the
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displacement of the indenter to a new location, moving the indenter. The indenter movement can
be realized from the plot shown in Figure 6. This corresponds to an indentation rate of 0.005mm/s.
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Figure 6. Location of the ball indenter during the course of a 200 step indentation simulation.
The peak depth of indentation is 24% of the radius and the total number of loading-unloading
cycles are 8.

Results and discussions

Yield strength estimation

The current section of analysis involved the evaluation of the empirical parameters needed
to model the linear relationship between ‘A’ parameter and tensile yield strength. The validity of
the evaluated model with changing indenter size and changing interaction volume was also
investigated. The setup of the linear model between ‘A’ parameter and yield strength data was
based on tensile data gathered from as-built AM material and heat treated AM material. Data from
25 specimens in as-built condition [22] and 13 specimens in heat treated condition [23] was used
for the setup of the linear model. A set of 3 indentations were performed on each these broken
specimens. The ‘A’ parameter gathered from ABI testing and corresponding tensile yield strength
measurements were linearly fit to evaluate the empirical constants of the linear relationship. The
validity of the obtained fit was cross-checked by comparing indention and tensile data from a new
set of 12 specimens in as-built condition.

ABI literature states the material slope parameter for stainless steels is 0.189 [16], while
the intercept value is 0. By forcing the intercept value to be zero, the material slope parameter was
found to be 0.1936. However, this was not a good fit. A linear fit with non-zero intercept yielded
a good fit. This model was successful in estimating the yield strength values of the second set of
indentations. The raw data, the linear fits with zero and non-zero intercepts and their corresponding
R? values are shown in Figure 7. Although the tensile data spans over a wide range, two clusters
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of data points can be seen in the plot. These clusters are representative of the state of the material
that was considered in this study. The lower end is the heat treated material and the higher end is
the as-built material. The validity of the model for material with properties outside the clusters is
yet to be investigated.

Heat treated + As built
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Figure 7. Linear fits between tensile yield strength and A parameter. The fit with non-zero
intercept offers good correlation (red)

Table 1. Yield strength measurements taken using tensile testing and their corresponding ABI
estimates. Mean and standard deviation in parentheses

Yield Strength (MPa)

Tensile measured ABI estimated
500.4 424,458;422;448 (438,15.4)
519.5 433;410;427;405 (418,11.5)
503.8 434,453;424,441 (438, 10.5)

The linear model with the intercept was used as the model estimating yield strength. The
new data set gathered to investigate the validity of the model is shown in Table 1. A significant
difference can be seen between tensile measurements and ABI estimates. The ABI technique
underpredicts the yield strength values. A significant scatter can also be noticed in the ABI
estimates. The impact of varying indenter radius on ABI measurements and validity of the linear
model at each size was investigated. By increasing the size of the indenter, decreasing values of
‘A’ parameter were obtained. Consequently, lower values of yield strength estimates were
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obtained from ABI. The values of ‘A’ parameter and yield strength estimates from ABI linear
models are shown in Figure 8. The models with zero and non-zero intercepts were used. A slope
of 0.189 was used for the model with zero intercept. The model with non-zero intercept is shown
in Figure 7.
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Figure 8. Decreasing values of ABI estimates with increasing indenter diameter

Flow curve formulation

The flow curve modeling is an integral part of the empirical analysis performed by the ABI
software. As a default, the Holloman power law is used to model the plastic section of the true
stress-true strain curve. However, the power law is not a good representation of the plastic flow of
304L stainless. The same can be seen from the Figure 9. The true stress-true strain data calculated
from mini-tensile specimens of 3mm gage length and Immx1mm cross-section (both wrought and
AM, [9]) were used to fit Ludwigson and Voce models to the plastic portion of the stress-strain
curve. While Ludwigson (Equation 4, As-built AM) was better than Holloman fit, it was still not
completely representative. Voce model (Equation 5, As-built AM) was found to be the best fit.
The same results were seen for both wrought and AM materials. The goodness of it can be seen
from the residual plots shown in Figure 10 and Figure 11.

0 = 1411.1(g,) 3" + e6-771825p) Equation 4

0 =2137.2 — (2137.2 — 586.9)e~%9%4¢p Equation 5
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Figure 9. Ln-In plot of true stress-true strain curves and their Holloman power law fits
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Figure 10. Residual plots of Ludwigson model for as-built AM material. The pattern in versus
fits and versus order graphs indicate un-modeled data in the residuals.
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Figure 11. Residual plots of Voce model for as-built AM material. Indicative of a good fit of true
stress by using Voce model

Although the Voce formulation is a more accurate fit for modeling the flow curve, it is to
be noted that the deviation of the power law from experimental data is only for low values of
strain (Figure 9). This means the yield strength estimation from the powder law is infeasible (stress
at true plastic strain=0). However, the ultimate strength estimation might still be valid. The power
law might be used for strain values higher than a threshold (0.135 mm/mm in this case). The
ultimate strength values estimated using the power law are shown in Table 2. While there is still a
difference between the measured and estimated values, the difference is low in comparison to yield
strength estimation.

Table 2. Ultimate strength measurements taken using tensile testing, and their corresponding
ABI estimates

Ultimate Tensile Strength (MPa)

Tensile measured | ABI estimated (Mean, std. dev.)
673.9 709;708;694;695 (701, 7)
684.6 609;609;661;661 (635, 26)
674.1 655;656;695;695 (675, 19.7)
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Finite element method simulation

Currently, all of the material properties used in the simulation are time independent. The
modulus of elasticity has been input as 200 GPa, and the Poisson’s ratio has been input as 0.33,
both standard values for 304L stainless steel. The exact values of modulus and Poisson ratio of
SLM fabricated 304L stainless steel is expected to be different from those of wrought material.
For better accuracy, these values are to be experimentally evaluated and inputted into the
simulation. Plastic deformation was accounted for by inputting a table to calculate the nonlinear
plastic deformation region of the true-stress vs. true-strain curve for 304L, shown in Table 3.

The required number of elements was identified by running simulations with various mesh
sizes. The load-displacement (depth of indentation) curve obtained at the end of simulation was
used as the norm for identifying the required mesh size. Meshes with total nodes of 20k to 80k
were used for simulations. A snapshot of Von Mises stress and Von Mises strain in the test block
(80k nodes) and indenter post indentation can be seen in Figure 12. The calculated load-
displacement curves from the each of those simulations are shown in Figure 13. The difference
between the load values at same positions of the indenter was used to identify convergence. The
average and standard deviation of these differences are shown in Table 4. A mesh size of 60K
nodes was expected to be sufficient to achieve convergence in estimating the load-depth of
indentation plot.

Table 3. True-stress and corresponding true strain values used to model plastic deformation.

True plastic strain True plastic stress True plastic strain True plastic stress
(mm/mm) (MPa) (mm/mm) (MPa)

0.00 512.70 0.20 826.18
0.01 550.57 0.22 841.83
0.03 574.16 0.23 855.31
0.04 597.51 0.24 872.67
0.06 615.98 0.26 883.75
0.07 639.15 0.27 901.55
0.08 661.69 0.28 916.04
0.10 680.98 0.31 938.24
0.11 699.52 0.32 955.00
0.12 715.84 0.33 969.54
0.14 738.81 0.34 977.72
0.15 753.31 0.36 991.68
0.16 775.03 0.37 1003.40
0.18 792.43 0.38 1016.37
0.19 808.76

0.29 929.85
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Figure 12. Contour plot of Von Mises stress and strain in the indenter and test block post
indentation (mesh size of 80k nodes).
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Figure 13. Simulated load-depth of indentation curves obtained through mimicking ABI test on
blocks of various mesh sizes.

Table 4. Average and standard deviation of the difference in load values at same depths of
indentation for cases shown in Figure 2.10. A mesh size of 60K nodes is expected to achieve
convergence

80k-20k | 80k-30k | 80k-40k | 80k-50k | 80k-60k | 80k-70k

Mean | 5.93 294 | 244 239 | 163 | 156

Std. Dev | 5.89 3.00 | 218 207 | 122 | 137
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The chordal diameter of the indentation is calculated through an analytical model (see
Figure 2 and Figure 3). The estimated value is used for calculating flow stress and plastic strain
values. The validity of this estimation is difficult to evaluate as an accurate measurement of
chordal/ indentation diameter can prove to be difficult. In order to assess the validity through
simulation, convergence needs to be ensured for plastic flow as well. The values of these diameters
were calculated from the simulated outcomes discussed above. ImageJ was used to measure the
plastic deformation obtained at the end of the simulations. The measured values of these diameters
at the end of 1%, 5" and 8" cycle of indentation are shown in Figure 14 and Figure 15.
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Figure 14. Variation in the measured value of d: with increasing mesh size.
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Figure 15.Variation in the measured value of dp with increasing mesh size.
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An overlay of experimental and simulated load vs. depth of indentation curve is shown in
Figure 16. A maximum indentation depth of 24% of the indenter radius and an unloading extent
of 20% of the peak load at the end of each cycle were used during the simulation and experiment.
The spine of the simulated load vs. depth of indentation curve matched very well the experimental
data. However, the unloading sections of the curves were not a good match. This mismatch will
yield different estimates of chordal diameter and in extension stress, strain, yield, and ultimate
strengths. The reason for the mismatch is suspected to be the lack of back stresses in the simulation.
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Figure 16. Overlay of experimental and simulation load vs. depth of indentation plots. A 20k
node mesh with a peak indentation depth of 24% of indenter radius and a 20% unload at the end
of each cycle was compared.

Conclusions

e The ABI analysis consistently under-predicted the vyield strength values through
indentation

e The Holloman’s power law was observed to be an invalid fit for true stress-true strain curve
at low values of strain

e The Voce formulation was observed to be a good fit for estimating the entire flow curve.

e The ABI estimates for ultimate strength were close to the experimentally measured values

e The load vs. depth of indentation simulated using finite element methods, overpredicted
the plastic deformation during the indentation
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