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Abstract

In this paper, phenomenological relationships are presented that permit the prediction of the plastic regime of stress—strain
curves using a limited number of parameters. These relationships were obtained from both conventional (wrought + 3
annealed) and additively manufactured (i.e., “3D printed”) Ti-6Al-4V. Three different methods of additive manufacturing
have been exploited to produce the materials, including large-volume electron beam additive manufacturing, large-volume
laser hot wire additive manufacturing, and small-volume selective laser melting. The general fundamental expressions are
independent not only of the additive manufacturing process, but also of a wide variety of post-deposition heat treatments,
however the coefficients are specific to material states. Thus, this work demonstrates that it is possible to predict not only the
ultimate tensile strength, but also the full true stress, true strain curves, if certain parameters of the material are known. In
general, the prediction of ultimate tensile strength are within 5% of the experimentally measured values across all additive
manufacturing variants and subsequent heat treatments. The absolute values of ultimate tensile strength range from~910 MPa
to~ 1170 MPa for the single alloy Ti-6Al-4V. Data representing 113 explicit samples are included in this work.

Keywords Titanium - Ti-6Al-4V - Mechanical properties - Ultimate tensile strength - Work hardening - Kocks—Mecking—
Estrin model

Introduction material’s composition (heat/lot) or the manufacturing pro-

cess. The product of these assessments are databases, often

With the rapid growth in advanced materials processing,
especially with additive manufacturing (i.e., “3D printing”),
it is necessary to develop similarly rapid strategies to qualify
the materials that are produced from these processes. Mate-
rials qualification invariably seeks to assess with a degree
of statistical rigor the materials state and the attending prop-
erties and will often relate these properties to a particular
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investigated to give design allowables and/or probability
distribution functions of particular properties. However,
the cost associated with establishing these databases which
underpin the design allowables/probability distribution func-
tions is significant. Thus, it would be most beneficial and
economically advantageous if it were possible to establish
the process-property relationships of an alloy X processed
using any of a number of possible methods (Y;). In pursuing
this objective, to the extent possible, it should be recognized
that the “materials state” governs the properties [1-3].

In previous work, such property predictions have been
developed for yield strength [4]. Yield strength for Ti-6Al-
4V was found to be strongly governed by the average mate-
rials state, especially composition, dislocation density, and
texture, though for other alloys variables such as grain size
and phase fraction, among others, should be considered.
However, yield strength is not the only important engi-
neering property for which such predictions need to be
established. Other properties, including additional uniaxial
tensile test metrics (such as the ultimate tensile strength
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and elongation) are important. While the need to establish
these other property models could be perceived as simply
an exercise to establish “just one more” process-property
relationship, they are notably different from the prior work
in two distinct ways. Firstly, they include as a variable an
external stimuli (i.e., the strain) that dynamically changes as
a quantifiable aspect of the materials state. Thus, while our
work was initially motivated to predict the ultimate tensile
strength (a discrete property representing a single point on
a stress—strain curve), it became clear that it was not only
possible, but useful to predict the stress—strain curve up to
the ultimate tensile strength. Secondly, it is useful to revisit
the classical theories which describe the physical processes
associated with these other properties.

This paper consists of two equally important aspects. The
first is a revisiting of the classical theories of other proper-
ties (specifically ultimate tensile strength) and the second
is the demonstration of the applicability of these theories
to one alloy obtained by a wide variety of additively manu-
factured processes. The results presented herein may be rel-
evant to those with different perspectives, equally relevant to
the practicing AM scientist/engineer where materials state
and design allowables are critical and to the study of the
fundamentals of mechanical behavior.

When referring to the strength of an engineering material,
the yield strength is often cited for design purposes, as it
represents the stress at which noticeable plastic deformation
begins and is usually the stress value designers and engineers
use to set safety factors. Uniaxial tensile tests can be used to
measure not only yield strength, but also the ultimate ten-
sile strength, or simply tensile strength, which is the maxi-
mum stress that can be sustained by a material prior to strain
localization, the onset of necking, and imminent failure.
When considering only these two tensile properties (yield
strength and ultimate tensile strength) for design purposes,
it is easy to forget that plasticity is a path-dependent pro-
cess that depends enormously on the materials state. Digital
records contain a large amount of supplementary informa-
tion that can be extracted from a simple stress—strain curve,
provided that the tools for their interpretation are widely
understood. Only using two discrete points, yield strength
and ultimate tensile strength, to represent the progression of
the tensile response of the material through the elastic and
plastic regions up until the onset of necking when there is
an entire stress—strain curve with a continuum of stress and
strain values creates opportunity for a more comprehensive
approach to materials engineering.

Although tensile properties may provide sufficient
information in most cases [5], the strain hardenability can
provide a more in-depth understanding of the stress—strain
behavior and the mechanisms involved, during plastic
deformation. Ludwik, Hollomon, Voce, and Swift have
developed various empirical equations to describe the
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stress—strain behavior for a variety of materials [6-9]. A
major limitation of these classical models is the geometric
nature of fitting to the experimental stress—strain curve.
The difficulty of applying these models is the fact that
the stress—strain behavior described by these equations is
not easily generalizable to samples of the same material
condition or manufacturing process. Additionally, a clear
connection between the fitting parameters of these equa-
tions and the underlying material state does not exist. For
example, the measured yield strength and ultimate ten-
sile strength could be nearly identical for two samples
with quantifiably different “material states”, owing to the
competition between different strengthening mechanisms;
however, the behavior (i.e., shape) of the stress—strain
curve between these discrete points would not necessarily
be the same. Therefore, yield strength and ultimate tensile
strength alone are insufficient descriptors to capture the
details of the plastic behavior observed during a uniaxial
tensile test. To understand the strain hardening behavior,
it is necessary to elucidate and to quantitatively capture
the governing mechanisms that are related to the materi-
als state.

As reported by Hayes et al. [4], the yield strength for
Ti-6Al1-4V can be calculated by:
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where Fy, are volume fractions of the designated phases/
microstructures, x,; are the concentrations of each element
M (i.e., Al, O, Fe, V), t;,uur 1 the thickness of a feature (i.e.,
the a-laths, f-ribs, and colony scale factor), « is a prefactor
term, G is the shear modulus of the material, M is the Taylor
factor, b is the Burgers vector, and p is the dislocation den-
sity. Previously, Eq. 1 has been shown to apply well to both
wrought and additively manufactured Ti-6Al-4V. It should
be noted that this equation was developed and based upon
extensive research into the parameters that do, as well as the
parameters that do not, influence yield strength. The details
are found elsewhere in the literature.

Although a phenomenological equation to predict
yield strength for Ti-6Al-4V has already been developed
[4, 10, 11], the dynamic nature of dislocation evolution
that governs plastic deformation adds a degree of diffi-
culty to the prediction of mechanical properties beyond
the yield point. The evolution of dislocation content is
strongly correlated with the evolution of strain (plastic
deformation) that is induced during the uniaxial ten-
sile test, and which is then introduced into the material.
Unlike the yield strength equation for Ti-6Al-4V, which
is composed of “static” variables like composition, phase
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fraction, lath thickness, and stored dislocation density to
describe the onset of permanent plastic deformation, the
prediction of ultimate tensile strength relies on “dynamic”
variables (e.g., the evolution of dislocation density with
changing strain, including not only the creation of disloca-
tions over time, but also their annihilation) [4, 12—15]. One
phenomenological model that does account for the evolu-
tion of dislocation density is the one proposed by Kocks
and Mecking in 1981 [16]. In their work, Kocks—Meck-
ing (KM) proposed a model [17] (Eq. 2) that consists of
separate components which describe how the dislocation
density changes with changes in strain:

dp
e ki/p = kyp @)

where p is the dislocation density, y is the shear strain, k; is
a constant that considers the dislocation storage of gliding
dislocations at the dislocation forest obstacles or dislocation
cell walls and k, is a strain-rate and temperature-dependent
constant associated with the reduction in dislocation density
due to annihilation, i.e., dynamic recovery.

Yasnikov, Vinogradov, and Estrin [18-22] continued the
development of the model, now known as Kocks—Meck-
ing—Estrin (KME) model, and published the next break-
through in their explicit solution of Eq. (2), which is
obtained after substitution and integration, and translating
shear strain to uniaxial tensile strain:

aGMbk, k,Me
6=60+k— l—exp|-— > 3)
2

where o, is the flow stress of the material excluding strain
effects (i.e., the yield strength), a is a prefactor term, G is
the shear modulus of the material, M is the Taylor factor,
b is the Burgers vector and ¢ is the plastic strain. In this
work, the flow stress is assumed to be the yield stress (o)
as measured from a uniaxial tensile test, and the two terms
may be used interchangeably. The variable o, will be used
when referring to the flow stress/yield stress in equations,
tables, and figures hereafter.

As noted previously, one of the most important discrete
values that can be extracted from the stress—strain curve is
the ultimate tensile strength value. The ultimate tensile stress
occurs when the stress creates local non-uniform deforma-
tion, and the tensile coupons start forming a neck. The strain
when ultimate tensile strength occurs is known as the neck-
ing strain.! The plastic component of this necking strain
(€,_xume) can be obtained using the expanded KME model
[18-22], using the same variables:

! In this paper, necking strain (i.e., uniform strain) is the strain at
which the onset of necking occurs when a sample is loaded in tension.
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The KME model has been applied to obtain average coef-
ficients for different manufacturing processes and heat treat-
ment (wrought and additively manufactured Ti-6Al1-4V),
which can later be used for the prediction of the ultimate ten-
sile strength for individual specimens. Equally importantly,
accurate predictions have been made for Ti-6Al-4V pro-
duced via three different additive manufacturing processes:
electron beam additive manufacturing (EBAM), selective
laser melting (SLM) and laser hot wire additive manufactur-
ing (LHW). The ability to compare and analyze results from
three independent sources provides a unique opportunity to
develop an understanding of the stress—strain behavior for
additively manufactured Ti-6Al-4V, as an extension of the
previous work on yield strength.

Experimental Procedure

Ti-6Al-4V samples manufactured via wrought and three dif-
ferent AM processes (EBAM, laser hot wire, selective laser
melting) were tested in uniaxial tension and characterized
via scanning electron microscopy to model and understand
the plastic behavior and its dependence upon the materials
state.

EBAM samples were produced using a raster scan
strategy in a Sciaky system with an input heat source of
~8.5 kW, a travel speed of 12.7 mm/s and a “hatch spacing”
between successive lines in the same layer of ~9 mm. The
molten pool ranges from 10 to 16 mm and the layer thick-
ness is ~3.3 mm. The depth of the molten pools exceeds
5 mm. After deposition three separate heat treatments were
conducted: a low temperature stress-relief anneal (SR), a hot
isostatic pressing (HIP) with temperatures in the a4 3 zone
and a beta anneal (BA) with samples held shortly above the
f transus temperature [4, 23].

Laser Hot Wire (LHW) samples were manufactured in a
system at Oak Ridge National Laboratory (partner with Wolf
Robotics, Lincoln Electric, Lockheed Martin), with an input
heat source of ~3-6 kW, a raster strategy with travel speed
of 2-15 mm/s, hot wire power of 50-500 W, melt pool area
of 5-50mm?, the adjacent hatches are ~3-10 mm. The LHW
samples were analyzed in the as-deposited state, no heat-
treatments were conducted.

The selective laser melting (SLM) of the Ti-6Al-4V was
done using a Renishaw AM250 with the reduced build vol-
ume accessory and no build plate heating. The build atmos-
phere was high purity argon gas with an oxygen level at or
below 100 ppm. The AM250 has a 200 W SPI Yb: fiber
laser with a 1070 nm wavelength, and it was operated with
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a power modulated spotting pattern (i.e., pulsing) and an
F-theta lens that provided a D4c spot size of 70 pm. The
build strategy that was used was a meander pattern with
no border or contouring scans. During hatching the laser
power was set to 180 W with an exposure time of 60 ps and
a point distance of 69 pm. The distances between hatches
was 90 pm, and the layer thickness 60 pm. No contouring
pattern was used in any of the three AM processes.

Traditionally processed wrought Ti-6Al-4V in the
beta annealed condition (and subsequently referred to as
‘wrought’) was subjected to the same heat-treatment pro-
cedure as that of the SLM material. The wrought and SLM
Ti-6Al-4V were heat-treated using a Gleeble 3800 Ther-
mal-Mechanical Physical Simulation System. The heat-
treatments for these materials were selected through a design
of experiments (DOE) to investigate the influence of four
heat-treatment parameters (i.e., anneal time, cooling rate,
stress relief temperature and stress relief time) on the result-
ing microstructure. Annealing times of 1 and 10 min were
chosen to vary the amount of alpha phase dissolution high
in the o+ P phase field, while the annealing temperatures
remained the same for all 28 heat treatments. The cooling
rates span three orders of magnitude, and they were chosen
to assess the well-known relationship that exists between
a-lath thickness and cooling rate-i.e., a-lath thickness
decreases with increasing cooling rate, or vice versa. For 18
heat treatments, the stress relief (SR) times and temperatures
were chosen based on previous work with o+ -processed
o/p Ti-based alloys to ensure near-equilibrium conditions
[24]. Three different cooling rates ranging from 10 to
1,000 °C/min were chosen to represent slow, moderate and
fast cooling rates relative to each other. Non-equilibrium
conditions were chosen for six specimens, where the time
and temperature were both at the minimum values for the
stress relief step. For 4 of the 28 heat treatments, the final
stress relief step was intentionally omitted following the
non-equilibrium conditions.

Tensile coupons were machined and tested by Westmo-
reland Mechanical Testing and Research, Inc per ASTM
ES8 standards for EBAM and SLM samples at a strain rate
of 0.005 mm/mm/min (8.3 x 107 s7!), with a temporary
stress reduction after yielding (to allow for the removal
of extensometer used to precisely calculate the yield point
and the elastic modulus) and a subsequent strain rate jump
(SRJ) to values of either 0.05 mm/mm/min (8.3 X 1074 s7h
or 0.1 mm/mm/min (1.6 x 10— 3 s~!) to reduce the over-
all testing time, as is customary. LHW samples were ten-
sile tested at a nominal strain rate of ~0.002 mm/mm/min
(3.3x107° s71), and the strain rate jump was not required in
these samples, as the extensometer was removed during the
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Fig. 1 Engineering plastic stress—strain curves of two SLM samples
with similar yield strength and ultimate tensile strength values. This
figure highlights the need to consider the true stress—strain curves,
which is the emphasis of the paper. The discontinuity shown after the
yield stress is because these tests started with an extensometer and
a strain rate of 8.3x 107 s, after reaching the elastic limit the test
was paused, the extensometer removed and the test continued at a
higher strain rate (strain rate jump) of 8.3x 107* 57!

test prior to fracture.” The effect of these testing protocols
(the stress reduction as well as SRJ) on the crosshead data
can be seen in Fig. 1; after yielding (910 MPa) the test was
paused and relaxed (860 MPa) to remove the extensometer,
and then the strain rate jump caused a very fast increase to
940 MPa.

As shown in Fig. 1, only considering two discrete points
(yield strength and ultimate tensile strength) is not suffi-
cient to fully understand how the material behaves plasti-
cally. To understand the role of dislocations on the strength
of the material beyond the elastic limit, and being able to
predict the ultimate tensile strength, the KME model was
selected. The first step was determining the k; and k, values
that resulted in the best fit for each sample from the five
databases. When plotting both variables, trend line equations
(using mean squares) were obtained, separating strain rate
jump (SRIJ) values as different data series.

The process to construct full synthetic stress—strain curves
was broken down into three primary components as shown
in Fig. 2. The first step took composition and orientation
information from a database as an input to set the slope of
the elastic region (i.e., elastic modulus). In the second step,
the previously developed yield strength equation was applied
to calculate the strength. The KME model parameters were

2 While the variation in experimental protocols may seem to be unu-
sual, this paper aggregates work from multiple different programs
with multiple different agencies and testing standards. The fact that
the work results in models with such cross-standard interoperability is
an important part of this paper.
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Fig.2 Process used by the authors to obtain the entire true stress—true strain curve: a flowchart detailing the steps, b variables influencing each
step, and ¢ step-by-step progression of the full true stress—true strain curve construction

determined based on trends for each material condition, and
thus, the average values were used for k; per dataset and
condition (i.e., independent of whether a SRJ was included,
and heat treatment) and each trend equation that relates k;
and k,. Ultimate tensile strength values were predicted for
all samples and compared to the experimental ones. In total,
113 samples have been included in this work.

Results and Discussion

Backscattered scanning electron microscope micrographs
illustrating microstructures as a result of their manufacturing
process and heat treatment are shown in Fig. 3. The different
manufacturing processes, as well as the variations in heat-
treatments for the same process, result in notable differences
in the morphologies and size of the microstructural features.
For example, when comparing Fig. 3a, c, although both
were produced via the EBAM process and have comparable
average o-lath width, the different heat treatments result in
morphological differences-i.e., colony in Fig. 3a and bas-
ketweave in Fig. 3c. However, when comparing Fig. 3b, c,
a similar a-lath morphology is observed, but the average
a-lath width of the HIP sample in Fig. 3b is slightly more
than three times that of the stress relieved sample in Fig. 3c.
Notably, the EBAM stress-relieved condition (Fig. 3c)
and as-deposited LHW (Fig. 3d) result in basketweave

microstructures with similar alpha lath widths, and as such
one would expect the yield strength values to be similar
considering the expression reported in [4]. SLM (Fig. 3e)
produces mostly basketweave microstructures with almost
double the alpha lath width as the stress-relieved EBAM
(Fig. 3c). Finally, the wrought Ti-6Al1-4V (Fig. 3f) has a
basketweave microstructure with a-laths slightly thicker
than the ones resulting from EBAM SR condition and the
as-deposited LHW, which is indicative of the large variety
of material states that can be achieved with different AM
techniques and post-processing heat treatments. Unlike other
Al, Fe, and Ni-base structural materials which often have
coarse and brittle secondary phases (i.e., carbides, nitrides,
and oxides), and which can have a substantial influence on
strain accumulation, the microstructures observed for the
alloy Ti-6Al-4V generally exhibits only the two course pri-
mary phases (i.e., the o and p phases), neither of which is
brittle. Any deviation from this generality in Ti-6Al-4V will
be in highly refined structures, such as very limited short
range ordering in the alpha phase.

Randomly selected experimental stress—strain curves, one
for each of the material conditions analyzed in this paper, are
shown in Fig. 4. Notice the similar ultimate tensile strength
value for datasets EBAM-SR, SLM and LHW (from 945 to
951 MPa) as well as the similarities between EBAM-BA and
EBAM-HIP datasets (from 869 to 871 MPa), while the yield
strength also follows the same behavior (825-866 MPa for
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Fig.3 Backscattered electron
(BSE) SEM micrographs of
Ti-6A-4V obtained by different
manufacturing processes and
heat treatments. The processes
are: a EBAM-BA; b EBAM-
HIP; c EBAM-SR; d LHW;

e SLM; and f wrought. Note
that all have been recorded at
the same magnification to better
illustrate the difference in scale/
morphology. As is typical with
Ti-6Al1-4V BSE micrographs,
the bright (white) phase is bce
beta and the dark (grays) phase
is hep alpha

EBAM-SR, SLM and LHW and 738-816 MPa for EBAM-
BA and EBAM-HIP). This similarity in ultimate tensile
strength of EBAM-BA and EBAM-HIP is not surprising,
as comparable similarities in yield strength for these two
conditions have previously been observed in [4]. While the
beta anneal and HIP have very similar yield strength and
ultimate tensile strength values, the path to reach ultimate
tensile strength is different (as already noted in Fig. 1), and
the different heat-treatment processes are the most likely
contributors to the obvious difference in elongation.

Table 1 gives the average elastic modulus, yield strength,
ultimate tensile strength and true ultimate tensile strength
for each material condition. Additionally, the average yield
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strength and ultimate tensile strength is highest for the LHW
material, which is notable due to the fact that LHW samples
did not undergo any post build heat treatment and thus might
exhibit the highest dislocation density / residual stress. As
described in the methods section, there was no SRJ for the
LHW samples. Although this paper reports elastic moduli
determined via uniaxial tensile tests, more precise measure-
ments of the elastic moduli can be obtained from further
testing. Elastic moduli measured by nondestructive testing
(NDT) methods are generally preferred. Examples of these
NDT techniques include resonant ultrasound spectroscopy
(RUS) and a special extension of spatially resolved acous-
tic spectroscopy (SRAS), both showing smaller standard
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Fig.4 Randomly selected engineering stress—strain curves of the
three processes analyzed (with one of them with three different
heat treatments). Note that these curves were created by combining
data from extensometer (start of the test to immediately after yield-
ing) and crosshead (from yielding to rupture). The strain rates when
using extensometer are: 3.3 x 107 s~! for LHW and 8.3x 107 s~! for
EBAM and SLM. The strain rates were increased after the extensom-
eters were removed (3 x 107! s™! for EBAM and SLM)

deviations than traditional techniques, with SRAS also being
able to assess large area (on the order of mm) orientation and
texture [25, 26] in addition to the direct determination of the
full elastic stiffness tensor (Ci/‘)'

To compare the materials, an average value of k; and
k, was determined for each AM material condition (i.e.,
EBAM-SR, EBAM-HIP, EBAM-BA, LHW and SLM, see
Table 1) as well as wrought Ti-6Al-4V. A simple scatterplot
(Fig. 5) illustrates a strong positive correlation between k,
and k,. Figure 5 shows that there is a general relationship
between k, and k, (both wrought and AM, and with different
heat treatments and manufacturing processes). This relation-
ship can result in an approximate ultimate tensile strength
value if the process and/or the heat treatment are known for
a specific sample.

Of note is the fact that the SRJ condition appears to
result in higher k, values, however, given the obvious posi-
tive correlation, k; appears to be higher as well. The higher
k, value for the SRJ condition is an artifact of the strain
rate sensitivity of the flow stress, as k; should be strain rate
independent [27]. With all the material conditions except
LHW experiencing loading at an initial strain rate, partial
unloading, and reloading at a higher strain rate, a single flow
stress value could not be used for the analysis of both the full
and reloaded stress—strain curves. Therefore, it is important
to note that, for the analysis of the reloaded stress—strain
curves, a post-strain rate jump flow stress was determined,
indirectly, through the addition of As to account for the
increase in flow stress that accompanied the increase in
strain rate.

The ultimate tensile strength was predicted for all materi-
als, conditions, and test parameters using the KME model
and the results are shown in Fig. 6. The results were pre-
dicted using average values for k; (see Table 1) and the
expression for k, as a function of k;. Almost all predicted
values lie in the + 5% range, with only one sample over
the + 5% line. This demonstrates the general applicability
of the KME model for the prediction of ultimate tensile
strength for Ti-6Al-4V manufactured by a variety of addi-
tive manufacturing and wrought processes.

Cumulative Probability Distributions

To analyze, more quantitatively, the confidence of these
models, cumulative probability functions for the KME pre-
diction of ultimate tensile strength were obtained (Figs. 7
and 8). Figure 7 considers all conditions and heat treat-
ments as one set of data and compares experimental data
(true UTS) to predictions considering parameters for the
full curves (UTS_f) and after the strain rate jump (UTS_r).
This figure also shows the root-mean-square error bounds
(GRMSE), of both prediction models (full and SRJ) with the
true ultimate tensile strength. UTS_{f is closer to true UTS,
with a ogygp between them of 7.5 MPa (0.7% of the average
true UTS), while the oy gp between true UTS and UTS_r
is 12.2 MPa (1.2%). The +20g)5 represent approximately
95% confidence bounds, with almost all data points of the
full curves between these bounds (dashed lines) with the
exception of the points with values ~ 1200 MPa. In com-
parison, only 3 points from the SRJ dataset are outside their
95% bounds (continuous lines). Interestingly if instead of
+20rMmsE> £30rMmsE Were plotted, all data from both datasets
would be within these 99% confidence bounds.

Figure 8 shows the cumulative probability function sepa-
rating each material condition. SLM and wrought data are
very similar showing that heat treatments result in similar
strength properties, regardless of a wrought or additive man-
ufacturing process. The shift of EBAM compared to LHW
can be explained by compositional differences, particularly
of Al, that have been reported and that are related to the
manufacturing process [4, 28, 29].

Application of Proposed Models

To construct a full stress—strain curve, or true stress—true
strain in this case, the flowchart shown in Fig. 2a can be
followed. The first step is to identify the elastic modulus, as
this variable represents the slope for the elastic portion of
the stress—strain curve. The values for the elastic modulus in
AM Ti-6Al-4V can be obtained from databases and/or aver-
ages of tests such as uniaxial tensile tests, dynamic frequen-
cies, nanoindentation, ultrasound, among others [30-32].
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Table 1 Average values for elastic modulus, yield strength, ultimate tensile strength and KME model parameters (k; and k)

Wrought EBAM-BA EBAM-HIP EBAM-SR LHW SLM
Elastic modulus 116.40 115.02 114.77 114.74 121.33 114.03
[GPa]?
Yield strength 861.94 783.24 762.00 873.34 901.18 859.27
[MPA]
Ultimate tensile 961.79 879.71 869.68 960.96 981.15 958.74
strength [MPa]
True plastic g, 0.0457 0.0307 0.0650 0.0464 0.0634 0.0435
True ultimate 1067.14 956.38 974.09 1066.50 1051.44 1048.00
tensile strength
[MPa]
ky_m™'7° 2.73x10° 2.76x 10° 2.48x10° 2.48x10° 2.97x 10 2.81x10°
Kz_fb 41.50 39.91 32.86 37.92 53.83 41.68
Average true 1064.15 982.73 977.66 1073.68 1048.19 1042.06
ultimate tensile (error+3.7%) (error +4.9%) (error +2.5%) (error +£2.5%) (error+3.5%)  (error+3.4%)
strength f pre-
dicted [MPa]®
True plastic 0.0469 0.0524 0.0583 0.0483 0.0374 0.0496
Sn—KME—fb
Average stress 19.8 25.8 19.3 26.7 - 26.5
jump after SRJ
(Ac) [MPa]®
ki _ggy [m~'T 3.05%x 108 3.37x108 2.75% 108 2.78x 108 - 2.90x 108
Ky sr;° 55.57 76.82 44.00 59.75 - 56.23
Average true 1059.16 960.19 972.15 1061.44 - 1043.18
ultimate tensile (error+4.5%) (error+2.1%) (error+3.8%) (error+2.7%) (error+3.6%)
strength SRJ pre-
dicted [MPa]®
True plastic 0.0371 0.0286 0.0463 0.0330 - 0.0375

b
€n—KME-SRJ

4F was obtained using an extensometer from the beginning of the test until right before yield strength

bf denotes full curve and SRJ after the strain rate jump. Wrought, EBAM-HIP, EBAM-SR and SLM started with a strain rate of 0.005 mm/mm/
min and after removing the extensometer the strain rate was 0.05 mm/mm/min, while EBAM-BA started with 0.005 mm/mm/min and the rate

increased to 0.1 mm/mm/min
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Fig.5 KME model constants relationships for all material states
tested (k; —k,)

Fig.6 Predicted vs experimental ultimate tensile strength for each
material condition

@ Springer



Integrating Materials and Manufacturing Innovation (2022) 11:327-338

335

0.990
0.900
0.750
0.500
£ 0.250 -
< 0.100 |-
-8 0.050 - true UTS
S 0.020 |- predicted UTS_f
- predicted UTS_r
8882 — +- 205,5¢ (UTS_f)
: +- 205, (UTS_T)
0.002
0.001 | 1 | 1 | | | 1
800 900 1000 1100 1200
stress, MPa

Fig.7 Cumulative probability function of true ultimate tensile
strength for all conditions. UTS_f represents full curves, UTS_r rep-
resents after strain rate jump. And RMSE the root-mean-square error
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Fig.8 Cumulative probability function of true ultimate tensile
strength for all material conditions

The next critical data point to predict in the stress—strain
curve is the yield stress. In the case of this work, this value
was obtained using Eq. (1), considering microstructural and
other characteristics of the samples. Once the yield strength
is calculated, the KME model can be used to construct the
plastic portion of the stress—strain curve. An average value
for k, for the particular condition of the sample (manufactur-
ing process, heat treatment) is used, as well as the already
observed relationship between k; and k,.

Figure 9 presents examples of comparisons of experimen-
tally obtained curves (black lines) for four different manufac-
turing-heat-treatment conditions (EBAM-BA, EBAM-HIP,
EBAM-SR and SLM) to the corresponding synthetic (i.e.,
predicted) curves (red dashed lines). To construct these syn-
thetic curves, the elastic segment considered elastic modulus
values from databases for each of these conditions, and the
yield strength was calculated using Eq. 1. For the plastic
segment, the KME equation (Eq. 3) was used, using the k,
and k, average values for each respective material condition
shown in Table 1. The same values for a, G, M and b were

used for both yield strength prediction, as well as the KME
equation, and the values can be found in the literature [4].
The predictions, as seen, follow the experimental ones very
closely up to the ultimate tensile strength value, after which
flow softening occurs, and which is not predicted by the
KME model. Another slight deviation between the curves
is observed when the experimental curves were paused to
remove the extensometer, which is not, as expected, pre-
dicted by the model.

These results introduce the possibility for a new represen-
tation of stress—strain data. As shown previously, predicted
stress—strain curves have been produced which match very
closely to the experimentally observed stress—strain curves.
With the modulus and yield strength, one can easily recon-
struct the elastic region of any stress—strain curve. Addition-
ally, given the correlation that exists between k; and k,, one
can apply the explicit solution given in Eq. 3 to reconstruct
the plastic region of the stress—strain curve up until the ulti-
mate tensile strength. This paper addresses strain rate jumps,
which can add additional degrees of sophistication to this
model. Therefore, in a prototypical KME model for a single
strain rate test, if the manufacturing process of the Ti-6Al-
4V sample is known, then only three material properties are
necessary to generate an entire synthetic stress—strain curve
through the ultimate tensile strength: elastic modulus, yield
strength and k.

Future work could include the investigation of anisotropic
effects, which are inherent to AM processes. However, while
preliminary evidence suggests that orientation has an effect
on both elastic and plastic properties, and likely strain accu-
mulation, the discussion of the orientation of the columnar
B-grains and their corollary features, such as the presence
and spatial distribution of grain boundary alpha, with respect
to the loading direction is outside the scope of this work.

Conclusions

The work presented here extends the development of phenom-
enological models by leveraging the Kocks—Mecking—Estrin
(KME) model to predict the true stress, true strain behavior
of a wide variety of additively manufactured Ti-6Al-4V. The
salient conclusions of the paper are as follows:

e The KME model can be applied to accurately predict
the stress—strain curve across all five material conditions
with average values of relevant parameters k taken for
each material condition.

e Important data related to different k’s are presented for
different strain rates. As the k’s are dependent upon strain
rate, this paper demonstrates that differences in testing
conditions. Thus, the format of the equation itself does
not change as a result of different testing preferences.
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Fig.9 Full synthetic true stress—true strain curves for randomly
selected samples of the following manufacturing processes: a EBAM-
beta anneal, b EBAM-HIP, ¢ EBAM-stress relief, d selective laser

e The KME model directly incorporates dislocation den-
sity, a rational strengthening mechanism that permits the
correlation between strain accumulation and the corre-
sponding strain hardening.

e This work represents the first time that full true stress,
true strain curves have been predicted using such phe-
nomenological tools for AM-Ti-6Al-4V using both a
previously reported equation for yield strength and the
addition of the KME model to go from yield strength to
ultimate tensile strength.

e The method outlined in this work for the prediction of
the ultimate tensile strength is within 5% across all five
material conditions, and thus, this method has been dem-
onstrated to be applicable to a wide range of traditional
and advanced manufacturing processes, including post
deposition heat treatments for Ti-6Al-4V.

e The workflow outlined in this paper shows that a fully
synthetic stress—strain curve can be constructed from
average values. Average values for a specific process/
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melting. Note: the range of true stress and true strain on the ordinate
and abscissa axes are kept constant to aid in visualizing the differ-
ences in mechanical behavior, and flexibility of the approach

heat-treatment type are adequate for predicting the ulti-
mate tensile strength of all samples that fall within that
predefined category.
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