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Abstract Integrated Digital Image Correlation (I-DIC) is used to probe three
different failure criteria on two high performance alloys. The approach consists
of two steps. First, the mechanical state of each analyzed test is determined as
best as possible by calibrating the parameters of a given elastoplastic law. Thin
and thick samples are studied, which induce totally different states of equivalent
plastic strain. Second, the state of stresses on the actual fractured surface by post-

processing the 3D finite strain simulations of the I-DIC framework. These data are
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used to analyze different local criteria. It is found that a maximum eigen stress

criterion is well adapted to the studied materials.

Keywords Digital Image Correlation - Fractography - Finite Element simulations -

Rankine criterion - Voce law

1 Introduction

The present study is motivated by the determination of the burst speed of turbo-
machine components made of Titanium and Nickel-based alloys. Such burst predic-
tions may rely on global criteria such as the average hoop stress criterion proposed
by Robinson [1]. In the case of complex geometries and refined material models,
this criterion appears not to be accurate enough as experienced by SAFRAN
Helicopter Engines. To overcome this limitation, today’s trend is to rely instead
on local burst predictions based on finite element simulations [2,3]. In such an
approach two aspects are important, namely, the determination of trustworthy
constitutive laws and the use of reliable damage or failure criteria. For both as-
pects, it is important to base the identification on tests whose states of plastic
strain and stresses are representative of those occurring in service conditions.

To address these points, a preliminary study was conducted. It consisted of the
determination of the level of stresses and plastic strains in actual disks by finite
element simulations. Von-Mises elastoplastic model identified from previously per-
formed uniaxial tests has been used [4]. Let us recall that prior to localization the
stress state in these tests is characterized by a stress triaxiality of &~ 0.33. In the
disk computations the stress triaxiality ranges from 0.4 to 0.8 [4]. Moreover large

values of equivalent plastic strains are reached in the burst calculations. The val-
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ues lie in the post-peak regime of typical strain-stress curves in uniaxial tension.
In this regime, strain and stress heterogeneities occur in the tensile characteri-
zation test. This makes classical identification, which assumes test homogeneity,
inappropriate.

This preliminary study led us to conduct experiments on thin and thick notched
flat specimens, which under tensile loading, lead to stress and strain levels repre-
sentative of those in actual disks [5,4]. The considered sample geometries induce
non-uniform strain fields. In this case, the measurement of load-dependent dis-
placement fields and their subsequent exploitation are necessary [6-8]. Different
optical techniques can be used to measure displacement fields. Among them, Dig-
ital Image Correlation (DIC) is increasingly employed due to its versatility and
applicability to “any” scale of observation [9].

Even though very powerful, DIC suffers from the ‘resolution/spatial resolution’
curse since the registration procedure is an inverse problem [10]. In particular, it
does not allow elements of arbitrarily small sizes to be used. For some of the ana-
lyzed tests, this limitation occurred for a minimum element size of 60 pixels, due
to the poor random pattern [5]. To correct for this shortcoming, it was decided
to rely on Integrated DIC (I-DIC), which allows measurements and simulations to
be linked in a seamless manner, and the element size to be tailored at will since
the afore-mentioned limitation can be overcome. This technique was first applied
with closed-form (i.e., elastic) solutions [11] and then generalized to numerically
generated solutions [12-14]. In Ref. [5] this procedure was used on one thin sample
made of Ti6Al4Va for which different elastoplastic postulates available in the com-
mercial code Abaqus were compared. This study allowed an extended Voce law

to be calibrated up to levels of equivalent plastic strain ~ 40%. These levels are
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far beyond the beginning of the post-peak regime in tensile tests on un-notched
specimens, which is about 13 % to 16 % for the studied alloys [15]. Moreover, these
levels of equivalent plastic strain were obtained for stress triaxialities ranging from
0.4 to 0.7. Using the I-DIC procedure described in Ref. [5] these results are com-
plemented by those obtained on one thick and three thin samples. The interest for
the determination of failure criteria is that very different and much lower level of
equivalent plastic strain are reached in thick samples. Another material will also
be studied (i.e., nickel-based superalloy).

Early failure criteria of ductile materials mainly referred to yielding [16-19]. To
experimentally probe such criteria, two different sample geometries have been con-
sidered. Bridgman used circular cylindrical bars and tubes to prove plastic incom-
pressibility and that the yield stress was independent of the hydrostatic stress for
various metals [20,21]. The initial yield locus and its subsequent changes were de-
termined experimentally by Naghdi et al. [22] on thin tubes made of aluminum alloy
subjected to combined tension and shear (i.e., torsion). To discriminate Tresca and
von Mises criteria, Lode [23] applied combined tension and internal pressure on
tubular samples. The author also discussed the role of the intermediate principal
stress and introduced the now-called Lode parameter. Taylor and Quinney [24]
carried on such studies on steel tubes by combining tension and torsion. Osgood
et al. [25] added internal pressure to tension and torsion on tubular samples. More
recently, Bocher and Delobelle [26] studied the behavior of 316L stainless steel
under non-proportional loading conditions by combining tension, torsion internal
and external pressure on tubular samples.

An alternative route to the previous studies is provided by biaxial experiments

on sheets and plates (i.e., flat specimens [27]). This configuration is more chal-
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lenging since it requires more actuators (i.e., 4) than for tubular samples (i.e.,
typically 2). Another challenge is related to the evaluation of the stress field and
its uniformity. Photoelasticity was used to check earlier designs [28]. Hayhurst [29]
proposed a thinned geometry allowing creep rupture to occur in the central part of
the sample. The designs were optimized over the years [30-34] to achieve the most
uniform stress and strain states in the central part of such samples. Extensions to
triaxial tests on volume elements have also been proposed [35-37]. However, their
analysis is very delicate since the measurements cannot be performed very close
to region of interest [38—41].

For flat samples, another route is to let heterogeneities develop and measure
the corresponding kinematic fields. Metal forming has been an area in which punch
tests have been considered [42,43]. One key aspect is the measurement of strains,
which are visually determined by analyzing deformed grid or circle markings that
are printed prior to the experiment [44—-46]. Digital image correlation was intro-
duced later on [6,47] to analyze such tests. This last technique allowed the kine-
matic analysis to be fully automated. It will also be used herein when strongly
coupled (i.e., integrated) with numerical simulations.

Using the identified extended Voce constitutive law it is possible to test dif-
ferent failure criteria with a large amount of data derived from I-DIC applied to
both thin and thick samples. The principle is simple. The state of strain and stress
is computed on the actual fracture surface of the specimen just prior to fracture.
From these values different failure criteria are tested. The consistency of any pro-
posed criterion can be checked by plotting the value at any point and time of the
test to verify that the failure criterion was not reached earlier and/or at a different

location for the conducted tests. If the principle seems simple its application is not
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straightforward. In fact the fracture of the specimen is sudden. This means that
from one recorded image to the next the specimen has broken. Therefore an issue
is how to recover from two broken parts the actual positions of the crack in the un-
broken specimen. It is then needed to locate this surface within the finite element
mesh to recover the state of strains and stresses by a post-processing technique.
The outline of the paper is as follows. The two studied materials and the two
sample geometries are introduced in Section 2. Section 3 deals with the procedure
of determining the mechanical state of the tests at the onset of fracture. Fracto-
graphic analyses and the fracture loci are then discussed for a titanium alloy in

Section 4 and a nickel-based superalloy in Section 5.

2 Studied Materials and Experiments

2.1 Studied Materials

Because of their use in helicopter engines, this study examines the titanium alloy
Ti6Al4V or TAG6V and the nickel-based super alloy NiCr19Col8Mo4Ti3Al3 or
Udimet 500 (U500). Their actual microstructure strongly depends on the heat-
treatment. Examples of the microstructures of the two alloys are displayed in
Figure 1. The alloy composition and the final morphology of the grains determine

the mechanical properties [48,49].

2.1.1 Titanium-based TA6V alloy

The titanium alloy Ti6Al4V (hereafter designated as TAGV) is a standard aero-
nautical material with widespread use in structural parts of planes and engines.

TA6V combines several titanium phases. The two main phases are a hexagonal



I-DIC-based identification strategy of failure criteria 7

(a) TA6V (b) U500

Fig. 1 Microstructure of the studied alloys. (a) TA6V: (1) a-phase (dark structures) is filled
with (2) S-phase (white patches), after Ref. [48]. (b) U500: (1) v-phase (light gray) is filled

with (2) v/-phase (black), (3) carbides exist (dark gray), after Ref. [49]

a-phase and a body centered cubic S-phase (Figure 1(a)). Additional elements
provide stability and corrosion resistance to these phases. Table 1 presents an
overview of the alloy elemental composition. Depending on the heat-treatment,
the typical mechanical properties are characterized by a Young’s modulus ranging
from E = 110 to 140 GPa, a Poisson’s ratio v = 0.32, an ultimate stress omaz
from 900 to 1200 MPa and a “macroscopic” elongation to failure emq, measured

in tensile tests from 13 to 16 % [15].

2.1.2 Nickel-based Udimet 500 superalloy

The increased temperature and corrosion resistance of the nickel-based Udimet
500 alloy is associated with the higher amount of chromium and cobalt. In a
typical composition, these add up to 35 % of the total weight (Table 1). The
material consists of a primary body centered cubic v-phase, and a strengthening
face centered cubic 7/-phase. The large quantity of additional alloying elements
and higher amounts of carbon lead to a significant formation of carbides [50],

see Figure 1(b). Similar to TAGV the large variety of heat-treatments leads to a
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large range of mechanical properties, namely, an elastic behavior with a Young’s
modulus E ~ 200 GPa and a Poisson’s ratio v = 0.3. The ultimate tensile strength
Omaz ranges from 690 to 1300 MPa and a “macroscopic” elongation to failure emqz

from 4 to 18 % [51].

Table 1 Alloy composition of most important elements in weight percent (%), after Ref. [15]

for TA6V, and Ref. [49] for U500

Alloy Al C Co Cr Fe

TA6V 5.91 | 0.02 - - 0.11

U500 3.0 0.11 | 172 | 179 2.1

Alloy Mo Ni (0] Ti A%

TA6V - - 0.12 | Base | 3.85

U500 4.0 Base - 3.0 -

2.2 Sample Geometries and Test

Stress triaxialities representative of turbo-engine applications vary within the
range 0.4 < n < 0.75 [4], where n = op,/0eq with o, the hydrostatic stress and
oeq von Mises’ equivalent stress. Several geometries allow for testing such ranges,
namely, round notched samples, flat samples with notch or hole and biaxial sam-
ples. In order to master as well as possible the loading conditions, only uniaxial
tests are considered. The use of 2D-DIC requires flat surfaces or a very small cur-
vature. To minimize (and possibly eliminate) the spurious effects associated with
out-of-plane motions telecentric lenses have systematically been used in the ex-

periments reported hereafter. Only flat geometries were considered. Within these
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geometries, notches allow for higher stress triaxialities than holes. With the em-
ployed equipment, the sample maximum cross-section was set to 8 x 7 mm.
Taking these considerations into account led to the design of a 7-mm thick
sample. In order to test the procedure on a sample with lower three-dimensional
effects and possibly higher strains it was also decided to use thin (i.e., 0.7-mm

thick) samples. Figure 2 depicts the final designs.

Sh

(a) 7-mm thick sample (b) 0.7-mm thick sample

Fig. 2 Sample geometries (dimensions in mm). Both samples are displayed with examples of

the speckle pattern; the gripped area is kept paint-free to avoid slip

The tests were conducted in uniaxial tension with a 100-KN servohydraulic
machine. To perform these tests as far as possible (i.e., under stable condition) they
were displacement-controlled. The inter-grip strain rate was set to ¢ = 0.001 s~ *.
In addition, some samples were subjected to unloading-reloading cycles to study
potential evidence of damage.

The samples were fabricated from extruded bars via electric discharge machin-
ing. In a last manufacturing step, the notch section of the samples was polished to
avoid fracture due to surface defects. The two principal directions (i.e., longitudinal

(L) and transverse (T)) of the bar were tested to account for possible anisotropy.
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Samples of every possible combination of material (TA6V, U500), thickness (i.e.,

0.7 and 7 mm) and direction (L, T) were tested one or three times.

The polishing of the surfaces induced a non-optimal adhesion of the speckle
pattern paint [5]. The modification of the standard preparation method allowed the
problem to be circumvented. The iterative application of black and white droplets
with intermediate pauses promoted a better adhesion of the paint. A resulting

disadvantage was a heterogeneous pattern quality.

3 Evaluating Stress States at Failure Onset

3.1 Implemented Procedure

In the sequel, Integrated DIC will be used to directly evaluate mechanical fields to
extract any quantity of interest. To have access to such fields, the parameters of the
chosen constitutive law have to be known. They are part of the proposed procedure,
which calibrates them to get the most reliable estimates for the given constitutive
model. Since various tests and geometries will be considered, the calibration is

performed independently for each single experiment.

To determine the location of the fracture surface, an imaged-based analysis
is performed. It consists in registering the first image of the broken sample with
respect to the last one prior to fracture. The elements that are cut by the crack
are then extracted from the initial mesh. Fracture loci can then be determined by
processing the finite element data. In the sequel, the mechanical state is evaluated

for the instant just before fracture.
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3.2 Mechanical State of Tested Samples

To evaluate the mechanical state of tested samples, the constitutive law should be
known. Once a constitutive model is chosen, the corresponding material parame-
ters need to be calibrated. The identification of material parameters will be based
upon I-DIC.

First, global DIC consists of measuring displacement fields between a gray level
picture f in the reference configuration and a series of pictures g in the deformed
configuration [52]. The sum of squared gray level differences is minimized for each

time ¢ over the whole region of interest (ROI) 2

(1) = %;M g (g(x+ u(x,1), ) — f(x))? (1)

with respect to the parameterization of the measured displacement field u(x,t),
where x is any pixel of the ROI (2, ¢ the considered time, and fy; the variance of
image acquisition noise that is assumed to be white and Gaussian. In the following,
the parameterization of the displacement field is based upon 4-noded quadrilater-
als of an unstructured mesh that describe the external surfaces of 3D finite element
models, which are made consistent with the experimental configuration. This first
measurement technique was used to assess the model quality [5] and also pro-
vided the Dirichlet boundary conditions that will be used to drive finite element
simulations.

Let {p} denote the column vector gathering all unknown material parameters.
I-DIC consists of globally minimizing over space and time the total identification

residual with respect to the sought material parameters

opt

{p°P*} = argmin x7 ({p}) (2)
{pr}
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with
s = 532 + 5k
=30 3)
KHUPD = g (P} — (Fe({p)))' ((Fm) — (Fe((p)))

where x% denotes the global equilibrium gap, which is to be minimized in conjunc-
tion with the global correlation residuals x2. Vector {Fm} gathers all measured
load levels for all considered time steps n, and {Fc} all computed reaction forces.
~r denotes the standard resolution of the load measurement. A Gauss-Newton al-
gorithm is implemented to minimize xZ,;, which is nonlinear with respect to {p}.
Forward finite differences are considered to compute the sensitivity fields for the
minimization procedure with the commercial FE code Abaqus implicit. This type
of procedure utilizes any FE code, be it commercial, in a non intrusive way [14]. 3D
FE simulations are run with reduced integration elements with hourglass stabiliza-
tion to prevent from volumetric locking. It is worth noting that with the present
technique, the mesh can be made as fine as needed since the number of unknowns
has been significantly reduced to the number of sought material parameters in-
stead of the nodal degrees of freedom in Q4-DIC. This in turn provides a strong
robustness of the whole procedure and allows imperfections such as cracking of
the paint and poor quality of the speckle pattern to be dealt with effectively [5].
In I-DIC approaches, one important feature is the choice of the constitutive
law. In the present case, elastoplasticity is modeled with J2-flow rule and isotropic
hardening described by extended Voce law (i.e., exponential 4 linear hardening)

for which the yield criterion reads

Oeq = oy + Cp+ 0o (1 — exp(p/po)) (4)
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where p denotes the cumulated plastic strain, oy the yield stress, oo the hardening
stress, po the hardening strain, and C the linear hardening modulus. It was shown
to be the closest to an earlier experiment on one of the studied materials [5]. The
calibration of Poisson’ ratio v turned out to be delicate. The reference value for
each material was set. Consequently, for extended Voce law, five parameters are
tuned (i.e., Young’s modulus E, yield stress oy, hardening stress o¢, hardening

strain po, and linear hardening modulus C).

3.3 Image-Based Analysis of Cracked Surface

The image after fracture cannot be analyzed by the current I-DIC procedure, as
the sample is broken. However, it is possible to correlate one part of the broken
sample with the preceding image, that is, the last image of the I-DIC analysis. The
final displacement field is mostly limited to elastic unloading and a large rigid body
motion. The rigid body motion results from the feedback response of the testing
machine as the force quickly drops to zero. This post-fracture displacement field
could be identified by the restriction of a DIC analysis to one half of the sample.

To demonstrate the principle of the selection process, this is not necessary and
such a DIC procedure was discarded. The elastic unloading was neglected and only
the rigid body motion was identified. The last image was shifted, until the upper
part of the broken sample corresponded globally to the location of the unbroken
sample in the previous image (Figure 3(a)). The data of the last I-DIC step were
superimposed onto this shifted image of fracture (Figure 3(b)). As the upper part
was used for manual correlation, the mesh and the recorded sample limits in the

lower part do not correspond to each other.
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(a) (b)

(c) (d)
Fig. 3 Selection procedure for the fracture locus for a thin sample made of TA6V. (a) Broken
sample. (b) Superposition of broken sample and I-DIC result before fracture. (c) Selection of
elements in the critical zone. (d) Superposition of the equivalent plastic strain in the selected

zone with the fracture image

In the upper part, the superposition allows for the selection of the elements
that are closest to the fracture surface. The selected elements in this critical zone
are shown in Figure 3(c), and they were extracted from the mesh (Figure 3(d)).
The color map indicates the equivalent plastic strain within the elements; a darker

color symbolizes a higher value.
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For the thick sample the same procedure was performed, see Figure 4. The
selected zone depends on the actual test conditions. The fracture surface can vary
in the out-of-plane direction. However, for 3D simulations the boundary conditions
were a simple extrusion of the face boundary conditions. Therefore, the same pro-
cedure was applied for the 3D fracture surface. All elements that are an extrusion

of the surface selection were extracted from the 3D model.

Fig. 4 Superposition of shifted fracture image and critical elements for the thick sample made

of TA6V

3.4 Construction of Fracture Loci

The quantities that are used for the prediction of fracture vary for existing crite-
ria. They are either stress, strain [53] or energy-based [54]. Among the stress-based
quantities are the different equivalent stresses, as for example von Mises [55,17,
56], Tresca [16] or Coulomb [57] stresses. The maximum principal stress (or Rank-
ine [58] criterion) is frequently used to describe brittle fracture. Finally the stress
invariants are used in more complex fracture criteria. The strain-based quanti-

ties are associated with these stresses. The most commonly employed quantity is
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the equivalent plastic strain, which is used for ductile materials [59-61]. Other
quantities are the principal strains [53].

A particular case is the use of damage criteria. Damage can be driven by
the state of stress and strain. For ductile damage, it is possible that the stress
triaxiality increases the amount of damage that exists for a certain equivalent
plastic strain. For the Lemaitre damage law [62], the influence is described by
the stress triaxiality function R,. Due to the uncertainty on the role of damage
a simplified damage indicator D; is proposed, which weights the equivalent plastic

strain with the stress triaxiality function,
D; =pRy (5)
Different propositions were tested [4] and only one will be reported herein, namely,
Ry = (14 8pln” - (1/3)]) (6)

with ,BD = 6.

4 Results for TA6V Alloy

This section reports the results obtained for six thin notched samples and one

thick notched specimen made of TA6V alloy.

4.1 Hardening Response

The extended Voce law was identified on all thin samples. As the identified hard-
ening curves are not identical, an average curve was calculated from the test data.

This result is illustrated for the longitudinal direction in Figure 5(a). For each
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sample, both planar faces were analyzed independently with the pictures acquired
by cameras C1 and C4. Due to the non-linearity of the laws, the mean fit curve
is calculated from the six curves and not from the coefficients of the curves. The
maximum equivalent plastic strain is set to the average of all six analyses. The
mean global residual level is of the order of y¢o+ = 7, which is considered very low

given the complex geometry of the sample and the test conditions [5].

& 1,200 & 1,200
= =
i --- Sample 1 C4 i
£ 1,000 —— Sample 2 C1--- Sample 2 C4 £ 1,000
@ P R L
- Sample. 3C1 Sample 3 C4 € —(L)— (T)
T w== Mean fit T
800 800
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Equivalent plastic strain p Equivalent plastic strain p
(a) L-direction (b) Both directions

Fig. 5 Hardening curves from I-DIC analyses for thin samples made of TA6V. (a) Hardening
curves for all analyzed cases in the longitudinal direction. (b) Average hardening curves for

both directions

The average material behavior is identical for both tested directions, see Fig-
ure 5(b). When p = 0.1, the predicted hardening stresses are R(p = 0.1); =
1110 MPa, R(p = 0.1)7 = 1130 MPa. The relative differences between the di-
rections were of the same order as the variation for samples of the same direc-
tion. Similar observations were made for the maximum equivalent plastic strain,

Pmazr = 0.39, Pmazr = 0.38.

The analysis of the thick sample was also performed. The most important
point, which will be discussed later on, is the difference in failure strains. The

mean value was pmaz; = 0.17. This type of effect is expected since thick samples
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lead to higher stress triaxialities, and thus the failure strain is expected to be

lower [62,63].

The identification residuals of the thick samples were on average higher. For the
example presented hereafter, the value was xtot = 25 (in comparison to Xtor = 7
for thin samples). This means that the results as such are less trustworthy than for
the thin samples. However, the calculated forces from the identification procedure
are still close to the experimental forces (Figure 6). The abscissa shows the loading
parameter, emacro, which corresponds to the mean longitudinal strain of the ROI.
To assess the difference between thin and thick samples, the average hardening law
of thin samples was also considered to analyze the data of a thick sample. This
step will be referred to as verification. For the chosen example the verification
residual rose to xtot = 160. There is a clear degradation of the overall quality. In

addition, the forces are significantly lower.

= |dentification
= Verification

Force F (N)

0 0.02 0.04 0.06 0.08 0.1

Elongation eacro

Fig. 6 Force-elongation curves for a thick sample for its identification and verification
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4.2 Fracture of TA6V

4.2.1 Microscopic analysis

An important step in the analysis of the materials is the characterization of the
fracture surface. The examination of the broken sample surface was performed
with scanning electron microscopy. Figure 7 shows an overview of the fracture
surface and a zoom. The presented examples are representative of thin and thick

samples. The fracture surface is not flat and resembles the cup cone structure,

Fig. 7 Fractographies of notched samples made of TA6V. (a) Entire fractured surface; (b) a

zoom reveals larger voids (1) and dimples (2)

which occurs in ductile materials. On a closer inspection of the surface, two distin-
guishable features are revealed. Considerably larger voids exist on the surface, i.e.,
at point (1). The size of the pores reaches almost 25 um. A possible explanation
is the debonding of grains or inclusion particles. In addition, repetitive structures
cover the entire surface at point (2). These features are dimples typically observed
in ductile rupture. Therefore, the fracture may be described as predominantly
transgranular. These observations indicate that the final fracture mechanism of

TAG6V corresponds to the definition of ductile rupture.
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4.2.2 Mesoscopic analysis

Ductile rupture is the result of void nucleation and growth. If substantial and
diffusive amount of damage occurs in the tested sample, the global elastic stiffness
allows the damage changes to be identified. If such a method is commonly used
for composite materials [63], such a global decrease in the apparent modulus of
elasticity is less documented in the literature for metallic materials [62]. However,
the DIC and especially I-DIC procedures have proven to be sensitive to small

changes unseen with other techniques by using correlation residuals [5].

To study possible occurrence of damage with the used testing equipment, sev-
eral unloading and reloading cycles were included for a thin sample. In a first step,
the identification of the optimal elastoplastic parameters was performed for an im-
age selection of continuously growing elongation, excluding the cycles. In a second
step, the model parameters were used on the entire test data, including the cy-
cles. The entire force-elongation curve is well described including the macroscopic

softening in addition to the cycles, see Figure 8(a).

3,000 04

2,000 0.3 Femmmmmdo

0.2

- Exp
— |-DIC

>
1 Emacrors

1,000

Force F (N)

0.1

Maximum
equivalent plastic strain p

0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Elongation €p4cr0 Elongation €macro

(a) (b)
Fig. 8 Results from loading-unloading test. (a) Force-elongation curve and (b) I-DIC maxi-

mum equivalent plastic strain
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Figure 8(b) shows the maximum equivalent plastic strain that was reached at
every macroscopic elongation in I-DIC. The instants of the last two unloadings
are marked in both diagrams with €macro; = 0.032 and €macro;; = 0.053. At these
instants, the equivalent plastic strain is p; = 0.163 and p;; = 0.303. The absence
of significant deviation of I-DIC from the experiment means that the global effect
of damage is not detected at py;. Due to the strong heterogeneity of the test,
this does not imply that no local damage exists in the specimen for these values
of equivalent plastic strain. Additional cycles after emacro;; could deliver more
precise information. However, this would require a higher cycle frequency. In the
performed test campaign, this was avoided due to the increased likelihood of paint
cracking [5]. Due to the lower level of plastic strain in the thick sample compared
to the thin ones, no visible global effect of possible damage was expected prior to
failure. Therefore, no cyclic tests were performed on thick samples.

Instead of analyzing the possible damage behavior, the present study focuses on
fracture initiation. It seems that the damage nucleation and growth phases, which
could precede TAGV fracture, can be neglected in a first instance, as it occurs very
late and for a very short duration. This type of observation was also reported for
aluminum alloys (see, e.g., Ref. [64]). The fact that thin and thick samples fail
for very different values of the equivalent plastic strain led to the investigation of

various criteria, notably those involving the effect of stress triaxiality.

4.2.8 Fracture loci

“on” the fracture surface is known at an

Once the state of strains and stresses
instant as close as possible to the initiation time, it is possible to create any possible

combination for a fracture locus. The most common representation describes the
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maximum equivalent plastic strain p over a range of stress triaxialities 1. The
values of the selected elements can be plotted in a fracture locus (Figure 9(a)). The
graph contains the data points of thin and thick samples. Despite the tremendous

reduction of data, the states of stress and strain are still heterogeneous.
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Fig. 9 Fracture loci p(n) (a) and o1(p) (b) for the elements in the critical section of TA6V

samples

For the thin sample, the location of maximum equivalent plastic strain p and
maximum stress triaxiality n coincide and it seems very likely that this combination
leads to fracture initiation. For the thick sample the plastic strain is almost uniform
in the ROI over the entire triaxiality range. The “maximum” equivalent plastic
strain is reached when 1 = 0.48. However, this state cannot induce fracture, as it
also exists in thin samples. It seems therefore more likely that failure is associated
with the strains at the highest stress triaxiality.

The definition of a criterion is difficult in this case. If the two points were to be
connected by a line this would indicate that the material fails almost at a critical
stress triaxiality. This contradicts the findings in the literature, namely, ductile
materials usually show a very distinctive dependence of the maximum equivalent
plastic strain p on triaxiality [62,63]. This fracture locus does not seem to be

appropriate for the reported tests on TA6V samples.
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Another proposition for a fracture locus is the use of the maximum principal
stress o1 and equivalent plastic strain p (Figure 9(b)). In contrast to literature
results, no influence of the level of the equivalent plastic strain is found. A limit
line can be drawn for o1 = 1630 MPa. The fracture of TA6V could only be sensitive
to the maximum principal stress, given that the computation should consider
plasticity and large strains.

For ductile damage, it is possible that the stress triaxiality increases the amount
of damage that exists for a certain equivalent plastic strain. Compared to the
equivalent plastic strain p — stress triaxiality 7 locus, the function R, increases
the importance at high strains. For both samples the maximum damage level
correlates with the maximum stress triaxiality. However, there is no consistency
between thin and thick samples (Figure 10). Consequently, the only compatible
criterion corresponds to a maximum principal stress independent of the equivalent

plastic strain level for TA6V.

@® Thin
®  Thick

0.5

Damage indicator D,

0
0.2 03 0.4 0.5 06 0.7 0.8
Triaxiality 7

Fig. 10 Fracture locus for the damage indicator D; vs. stress triaxiality n for elements in

critical section for TA6V

4.2.4 Validation of fracture locus

The final step in the proposed procedure is the evaluation of the fracture locus for

the entire data set. Figure 11 shows this result for the last step of the analysis. It
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was checked that the final step leads to higher values than the preceding ones [4].
For the maximum principal stress-equivalent plastic strain locus, all points are be-
low the limit line. This means the selected elements contained the fracture surface.

The same conclusion was drawn for the other investigated loci.

2000

® Thin
8 Thick
Limit line

Max princ. stress a,

0 0.1 0.2 0.3 0.4 0.5
Equivalent plastic strain p

Fig. 11 Verification of the fracture locus in the 01—p domain for all elements in the last step

of the analysis for TA6V samples

5 Characterization of U500 Alloy

In the following, the results obtained for six thin notched samples and one thick

notched specimen made of U500 are discussed.

5.1 Hardening Response

The mean identification residual for thin samples was of the order of Ytor = 9.2
for the extended Voce law. This level is close to that observed for TA6V samples
(i.e., Xtot = 7). Consequently, the identification quality is similar for thin samples
irrespective of the material differences. Figure 12(a) shows two examples of the
force-elongation curves. The thin sample in the transverse direction broke at a
lower strain. In fact, this result was confirmed for all samples in that direction.

The average hardening curves are presented in Figure 12(b).
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Fig. 12 I-DIC results for thin samples made of U500. (a) Force-elongation curves for two thin

samples in both directions. (b) Average hardening curves for both directions

For the longitudinal direction, the average maximum equivalent plastic strain is
Dmaz;, = 0.31, whereas for the transverse direction only an average of pmazr = 0.12
was obtained. This is about 39 % of the longitudinal value. In addition, the levels of
stress in the transverse direction are significantly lower, R(p = 0.1);, = 1240 MPa,
R(p =0.1)7 = 1020 MPa. This indicates that the transverse direction could be as
much as 18 % weaker. In the present case, there is a more pronounced anisotropy

of the behavior when the longitudinal and transverse responses are compared.

The same procedure as for TA6V was applied to identify the difference between
thin and thick samples. As for TA6V, the increase in thickness led to a lower
maximum equivalent plastic strain, pmaz; = 0.18. This level is lower than that
observed in the thin samples. This effect can be explained by the stress triaxiality

level that is different in thin and thick samples.

For the thick sample used in the following, the total identification residual was
Xtot = 27. The verification residual rose to xtot = 450, a value significantly higher.
There is a strong effect between the two sets of material parameters on the iden-
tification quality, which is also visible on the force-elongation curve (Figure 13).

The difference between identification and verification forces is higher for U500
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Fig. 13 Force-elongation curve for a thick sample for its identification and the verification

with the average model of the thin samples made of U500

than TA6V. To examine the possible origin of such a difference, the hypothesis
of the extraction of the boundary conditions was verified on an FE model of the
entire sample geometry. The sample was modeled once completely and once only
as a section of 4 mm in length, similar to the extent of the used ROI in I-DIC
(Figure 14(a)). The nominal geometry and the identified mean constitutive model
parameters of the thin samples were used. Mesh constraints were applied to ensure
the mesh of the ROI corresponds to that in the same region of the complete model.
In the case of the complete model, the sample was loaded uniformly in tension at
its upper end, marked with (1), and fixed at the lower end, point (2). This loading
leads to similar displacements on the ROI boundary as in the experiment and is
therefore denominated as “true” boundary condition (BC). After the calculation
of the model the longitudinal displacement at the limits of the ROI were extracted
on the surface, point (3), and a 4th order polynomial was fitted to these data. The
obtained field was then applied as loading condition to the boundary surface nodes
of the ROI model and extruded for all nodes in the thickness direction; a procedure

that is assumed to be almost equivalent to the processing of the experimental data

in I-DIC.
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Fig. 14 Verification of boundary condition extrusion hypothesis. (a) The sample is modeled

completely and as a model of the ROI. (b) Force-elongation curves from the two models

The mean displacement of the ROI boundary and the associated macroscopic
elongation were calculated for both models (true and extruded BCs). Figure 14(b)
shows the force-elongation curves. For the ROI model with the extruded boundary
conditions the forces are lower. As in the verification step, the differences between
true and extruded boundary conditions are larger for U500 compared to TA6V
alloy. This leads to the following explanation. In the I-DIC identification, the
lower forces were compensated by the stress level of the material model, which
was higher for the thick samples compared to the thin samples.

The difference in the resulting errors between TA6V and U500 can be explained
as follows. U500 has a lower yield stress and a stronger hardening modulus. This
results in a greater extent of the plasticity field. In addition, the plastic strain field
is not uniform in the thickness. For a similar size of the ROI, the experimental
displacement boundary surface is then more deformed in the thickness compared
to TA6V and the assumption of the extrusion is less correct.

To improve the accuracy, more elaborate procedures are necessary to deal
with these kinds of boundary conditions. One solution is the enlargement of the

ROI. However, this was difficult as the strong notch curvature and the resulting



28 Lindner et al.

element shape made DIC impossible for refined meshes [5]. An improvement could
be achieved through the interpolation from separate coarse DIC solutions to fine
boundary distributions for I-DIC. Another solution would be the introduction of
the boundary conditions to the set of unknowns [65,66] in I-DIC approaches. In

that case DIC analyses would not be required.

5.2 Microscopic and Mesoscopic Analyses

The previous methodology was applied to the U500 test results. The examination
of the fracture surface clearly reveals the structure of the grains (Figure 15). In
addition, the macroscopic force-elongation curve for any sample showed no sig-
nificant softening. Both results are as expected for brittle fracture. Therefore, no
cyclic tests were performed. Yet, the fracture surface is not straight. Larger pores
mark the surface, i.e., close to the notch at point (1). The occurrence of bands
with distorted microstructure is the microscopic cause of the mentioned macro-
scopic anisotropy (2). On closer inspection of the grains, a coarse texture, which
covers the entire grain surface, is found (3). The most likely explanation is the

existence of microvoids on the grain boundaries.

5.3 Construction of the fracture loci

The selection of the elements in the vicinity of the fracture surface was performed
analogously to that for TA6V samples (Figure 16).

The same fracture loci as for TA6V were evaluated. Even though the material
fails in a brittle manner, the fracture locus usually employed for ductile rupture,

namely, equivalent plastic strain p — stress triaxiality 7, is remarkable. For thin
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(a) (b)
Fig. 15 Fractographies of notched samples made of U500. (a) Entire intergranular fracture
with complex surface structure (1). (b) Zoom with distortion bands (2) and microvoids on the

grain boundary (3)

(a) Thin sample (b) Thick sample

Fig. 16 Selections of the critical elements for two samples made of U500

samples, the maximum equivalent plastic strain is not located at the maximum
stress triaxiality. The points seem to follow a unique tendency described in Ref. [67,
68] and shown in Figure 17(a). This needs to be confirmed for stress triaxiality
levels n > 0.6.

Similar to TA6V, the locus of maximum principal stress-equivalent plastic
strain allowed for the construction of a limit line when o1 = 1830 MPa. Such

a criterion seems therefore also relevant for U500 (Figure 17(b)). Let us emphasize
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Fig. 17 Fracture loci p(n) (a) and o1(p) (b) for the elements in critical section of U500 samples

for two different fracture planes

again that the results do depend on the plastic response and that the calculation

should be performed with large strains.

For the evaluation of the critical damage indicator the fracture locus leads to a

critical value of the order of D; = 0.28 for the damage indicator (Figure 18). This
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Fig. 18 Fracture locus for the damage indicator D; — stress triaxiality n domain for the

elements in critical sections of U500 samples

level was chosen as a lower bound to exclude some points that are believed to be

outliers.

6 Summary and Perspectives

This paper was devoted to the failure analysis of TA6V and U500 alloys. The use

of integrated DIC approaches enabled for the identification of failure criteria. A

procedure was developed to analyze the mechanical fields in combination with the
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image of the fractured sample. The elements from the fractured surface are first
extracted. The data of the extracted elements can then be analyzed to construct
fracture loci. Several propositions for failure criteria from the literature were tested,
namely, equivalent plastic strain — stress triaxiality and maximum principal stress
— equivalent plastic strain. A damage indicator was also proposed, which weighs

the equivalent plastic strain with a stress triaxiality function.

In a first step of the analysis the fractographies of TA6V and Udimet 500
alloys were presented. TAGV fails in a transgranular manner; no grains are visible.
The fracture surface indicates that void nucleation and growth are the primary
reason of final fracture. No indication of macroscopic damage was found before
the occurrence of failure. For U500, the grains are visible and the fracture is
intergranular. Therefore, in a first instance it is assumed that for both materials
the material failure can be appropriately described by an initiation criterion. The

onset of microscopic damage is neglected.

Other alternatives were studied [4] and it appears that the maximum principal
stress criterion fits very well the data keeping in mind that any such analysis should
consider plasticity calculations. In addition, it has to be noted that the fact that
only one point for thick and thin samples reaches the limit value is attributed
to the observation that once the failure initiates it propagates in a catastrophic
manner. The analysis of all the data in time and space available from the I-DIC
analyses was conducted to confirm that the criteria were not reached before and/or
in other locations of the tested samples. For U500, two other fracture loci were
consistent for thin and thick samples, namely, the equivalent plastic strain vs. stress

triaxiality and a critical value of a damage indicator.
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The previous results, especially those concerning the maximum principal stress
criterion, should be checked on other test cases, on sample geometries involving
various states of stresses. Another improvement of the method would be the intro-
duction of these fracture criteria in FE simulations. As shown herein for the two
investigated materials, few elements reach the initiation condition. Moreover, no
images of partially broken samples were available. The erosion of elements from
the simulation or the use of cohesive elements would generate a virtual fracture
surface. With additional procedures these predictions could be compared to the
recorded images of the final fracture. One may also check whether once the failure
initiates, it propagates in a catastrophic manner (as observed experimentally). In
such simulations, special care should be exercised to make sure that the numerical

predictions remain objective (i.e., mesh-insensitive).

Further, with an adapted I-DIC procedure, the crack can be recreated in the
computer-generated images. Such a procedure would enable for the comparison
of the fracture image with the I-DIC approach. The identification of plasticity
and fracture could be performed simultaneously. This is similar to the ideas al-
ready proposed [69,70] for which more local information was introduced in the

identification functionals.

Another important point considers the identified constitutive model. For the
thin and thick samples the average curves were not identical. First, the reason for
such a difference needs to be further investigated. In this context, the sensitivity
of the stress triaxiality fields to minimal changes in the identified law should be
studied. Second, it should be possible to identify a unique constitutive model for

all samples in a simultaneous identification. Together with the described improve-
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ments, the model identification for plasticity and fracture would then be one “big
data” identification procedure.

Last, let us note that the experimental /numerical framework introduced herein
is very generic. Other types of constitutive equations could have been investigated
and other criteria probed (e.g., based on damage models). High-performance alloys
were studied herein. Yet, the same analysis could have been performed on other

types or classes of materials.
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