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Abstract: The multiscale model was established to predict the crack propagation behavior of y-titanium aluminide (TiAl) alloys. The
constitutive parameters of the cohesive zone model (CZM) of true twin (TT) y/y interface were obtained by molecular dynamics
(MD). The mesoscopic model of polycrystalline y-TiAl was generated via Voronoi method, and the CZM constitutive parameters were
coupled into the model. The corresponding critical stress fracture diagrams with non-defect, blunt crack and blunt crack+central cavi-
ty defect were obtained. Furthermore, the polycrystalline model and the overall force-displacement curve were averaged by the geo-
metric similarity, and the damage mechanism of y-TiAl alloy was analyzed. At the same time, the macroscopic finite element model
(FEM) was constructed according to the homogeneous material hypothesis. A cohesive region was built in the interested crack area,
and then the force-displacement relationship and fracture toughness of y-TiAl alloy was obtained through the FEM simulation of the
compact tensile specimen. Finally, the results show that the comparison between the crack propagation behavior obtained from the
macroscale finite element simulation and the experimental results proves the validity of the multiscale model. The defects have a sig-
nificant sensitivity on the strength of the entire near-y structure when the ratio of grain is the same, and meanwhile this analysis meth-
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od can effectively connect various scales and predict the growth of cracks.

Key words: y-TiAl alloy; multiscale model; Voronoi tessellation; FEM-CZM

TiAl alloys have excellent high-temperature mechanical
properties, low density, high stiffness constituents and corro-
sion resistance performance, so they are widely used in the
aerospace industry!?. A lot of researches were performed to
investigate the properties and failure of TiAl alloys at mi-
croscale and macroscale. For example, Booth et al® studied
the change of fracture toughness under the brittle-ductile tran-
sition in y-TiAl single crystals. Guo et al™ discussed the influ-
ence of microstructure on the physical properties and internal
stress-strain of a TiAl-based alloy. After studying the proper-
ties of TiAl, the research on its failure in aero-engine applica-
tions also attracts so much attention.

The crack is an essential factor resulting in the failure of
TiAl alloy”, which involves people’s life and property safety,
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so it is necessary to explore the mechanism of the crack propa-
gation of TiAl alloy. Wu et al investigated the plastic defor-
mation and initiation of various surface defects of single-crys-
tal y-TiAl along [001] uniaxial-tensile direction by molecular
dynamics (MD). Kong et al” studied the factors affecting the
ductility of TiAl-based alloys at room temperature. Igbal et
al® found that the crack nucleation at the y/y and a,/y interfac-
es and inside the y phase always precedes the intense local
elastic deformation. However, those literatures only involved
the problems at different scales. Moreover, the destruction and
failure of materials are caused by micro defects extending to
the larger scale®. Therefore, a simulation method considering
multiscale can be used to comprehend the mechanism of dam-
age in TiAl alloys more systematically.
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The modeling method can organically correlate the physical
properties and geometric parameters of cracks at different
scales from qualitative and quantitative aspects. Multiscale
methods with the microscale and macroscale can predict the
failure of materials effectively"®". Fig.1 shows the structure
and characterization of materials at different scales. MD was
applied to study the microstructure (107 m), the Voronoi meth-
od was used at the mesoscale (10 m), and the finite element
model (FEM) was used to simulate the macroscale (10~ m).
Then the characteristics of the material were analyzed compre-
hensively. Knezevic et al" applied the crystal slip of disloca-
tion and critical activation stress of deformation twins in the
polycrystalline plastic model to predict several constitutive re-
sponses. Sato!”! utilized the stress state obtained from the
crack initiation in the macroscopic uniaxial tensile plate to an-
alyze the microscopic periodic unit-cell (PUC). Bridging
scales based on appropriate coupling parameters, such as criti-
cal activation stress and stress-strain state, can combine the
microscopic constitutive and macroscopic phenomena better.

To study the fracture process, the classical theory provides a
computational method and a model for the aspect of energy
and force!". The theory involves some relevant mechanical pa-
rameters, such as energy release rate G, J-integral, and stress
intensity factor (SIF) K. Because the crack tip is the stress
bearing point, the energy release rate is the largest at the crack
tip. The energy analysis method and related mechanical pa-
rameters were used to describe the stress field near the crack
tip region when it comes to the situation that the stress field
cannot be explained by traditional fracture theory. For in-
stance, some parts fail without any apparent warning. The rea-
son is that the formation and propagation of microcracks are
challenging to observe at the structure level.

Due to the complexity of the crystal interface” s mechanical
properties and the constraints of experimental technique, it is
challenging to observe the dynamic fracture process of the
polycrystalline TiAl alloy and establish a mechanical model.
Besides, the microcrack propagation along the crystal occurs
at the interface level. Recently, the constitutive structure of
multiscale fracture simulation has been studied in detail,

Atomic structure

Interface
level

Crystalline structure

which provides a better description of the generation and prop-
agation of macrocracks">'". The cohesive zone model (CZM)
is a constitutive model used to simulate the production and
growth of cracks. In constitutive relation, the traction-separa-
tion (T-S) law mainly controls the crack growth!”. The rela-
tion obtained from the atomic simulations was used to study
the damage evolution of the grains and macro fracture. Hence,
a multiscale modeling approach emerges to connect atomic-
level damage mechanisms with structural failure. Lyu et al!'®
developed a layered high-order multiscale cohesive zone mod-
el (MCZM) to simulate the dynamic propagation of cracks in
the crystal, and showed that the crack propagation velocity is
consistent with the corresponding dynamic simulation. Xu et
al™ provided a hybrid multiscale method linking the micro
and mesoscopic scales to investigate the fracture behavior of
brittle body-centered cubic (bcc) Fe. These studies showed
that the method of coupling multiple scales to the cohesion
model is feasible. However, few studies investigate the effect
of the multiscale and polycrystalline composition of y-TiAl al-
loys on crack growth. In this research, the T-S parameters of
CZM of the true twin (TT) interface were extracted from a mi-
croscopic atomic simulation and applied to the polycrystalline
fracture model of y-TiAl. The strength situation of different de-
fects of grains and the corresponding relationship of damage
under polycrystals were obtained. Verification of the role of
bridging parameters at the scale of the polycrystalline inter-
face was given, and the force-displacement relationship was
obtained to illustrate the initiation and propagation of cracks.
Furthermore, the fracture toughness was obtained through the
simulation in the macro model. The results were compared
with the experiment results to illustrate the situation of the
model.

1 Method and Modeling

1.1 Crack model of CZM

CZM was applied to simulate the interface crack. The con-
cept was firstly proposed by Dugdale and Barenblatt®!. Be-
cause the existing stress field is singular at the crack tip, the

Macro structure

Fig.1 Schematic diagram of modeling levels at different scales
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phenomenon can be avoided by the cohesive model. The con-
stitutive model is expressed in Fig.2 for researching the initia-
tion and propagation of cracks in the materials at different
scales. Wang et al** simulated the uniaxial tension of pipeline
steel in the CZM and obtained two critical relations between
load-displacement and crack tip open angle (CTOA)-fracture
speed, which effectively predicted the crack growth.

The purpose of the multiscale analysis of material deforma-
tion characteristics is to build qualitative and quantitative rela-
tionships between physical variables and geometrical parame-
ters at different scales. In order to study the fracture behavior
of y-TiAl, a serial multiscale method was applied to analyze
the multiscale coupling of microscale, mesoscale and mac-
roscale across the continuum theory. Therefore, the CZM con-
stitutive parameter can be used in the coupling relationship
among multiple scales to predict the initiation and propagation
of cracks. For the definition of the CZM parameters, the cohe-
sion force is equivalent to the damage stress in Fig.2. The ini-
tial damage stress value should reach 7, and the failure dis-
placement (separation) is d,,, in the bilinear curve when the co-
hesion zone begins to break. Moreover, the fracture energy G,
of the cohesion zone also reaches the largest value when the
failure displacement reaches the maximum J,;. At the same
time, the cohesion zone was wholly damaged and separated,
while the crack continued to break along the next zone.

1.2 CZM parameters of microstructure

fail*

In the grain fracture simulation, the y interface has three
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Fig.2 Schematic diagram of cohesive zone model

types: true-twin, rotational boundary (RB) and pseudo-twin
(PT) with the same orientation. Among these interfaces, it has
better physical properties since TT interface requires greater
separation work. Furthermore, because of the modulus misfit
in RB and PT samples, the TT data were used to build the y-
TiAl polycrystalline model. To simulate the fracture process
of fine-grain, a microscopic simulation of the TT interface
was established, as shown in Fig.3. The size of the entire MD
model was 49.0 nmx55.4 nmX2.2 nm, and the total number of
atoms was 385 600. The crystal direction was along the orien-
tation of X[112], ¥[111], Z[110]. At the same time, a defective
model was set up for comparison. The fracture process of the
model includes the stretch along Y-direction with a strain rate
of 2x10* s™'. To prevent the atoms from moving along X-direc-
tion, a free boundary condition was applied. The entire model
simulates 1 000 000 steps under the micro-canonical ensemble
(NVE) with periodic boundary conditions along X, Z direction
and shrink-wrapped boundary condition along Y direction (psp).
After MD simulates the fracture of TT interface, it is neces-
sary to extract the T-S parameters at the interface. As shown in
Fig.3, the T-S region was defined and divided into the top area
(T) and the bottom area (B). The T-S relationship can be de-
rived by analyzing the average atomic stress and relative dis-
placement in this region. For the non-defect model, the model
with blunt crack and blunt crack+center void can also be help-
ful for comparison and analysis of mesoscale and macroscale
effects of defects.
1.3 Fracture application of Voronoi model

Voronoi tessellation is used in metallography and crystallog-
raphy®. The method constructs a polycrystalline constitutive
model of copper, which analyzes the size effect under differ-
ent grain sizes and studies the impact of grain orientation and
its evolution during plastic deformation. The Voronoi tessella-
tion location is random with a certain number of discrete sites S
(Voronoi seeds) and the grain boundaries which form the zone X
with the shortest distance. It has the following relationship with
the Voronoi tessellation region £, which is given as follows™:

Q, ={xeX|d(P.x)<d(P.x)}.i*] (1)
where X is a set of Euclidean distance functions d; the dis-
tance from the P, site of Voronoi cell to the X set is shorter

. 49.0 nm
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< £
E " g =)
nonln 7y —
T wTale j2 —
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| Non- defect
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Fig.3 Schematic diagrams of non-defect (a), blunt crack (b), and blunt crack-+center void (¢) MD models
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than the relative distance from P, site to X set; the S'in £, is of-
ten disjoint in the model. An example of the two-dimensional
Voronoi tessellation is shown in Fig.4, which generates the de-
sired polycrystalline model.

In order to accurately simulate polycrystalline fracture, the
elastic constants obtained from the experiments®**” are listed
in Table 1. According to the research of polycrystalline frac-
ture process of the y-TiAl, the influence of microscopic de-
fects on polycrystalline can be clarified. The initial mesoscop-
ic structure of y-TiAl®™ is shown in Fig.5a.

The crystal orientation along <110] is different from that
along <011] in the L1, structure. The entire domain boundar-
ies of the TT often show 180° rotation faults. The correspond-
ing y/y interface only has three symmetrical interface slip ori-
entations: [110], [101] and [011]. This interface only changes
in the stacking order of the parent L1, structure. Based on the
volume fraction and crystal orientation of the grains, a poly-
crystalline model of 40 pmx40 pm was constructed to simu-
late the crystalline fracture of y-TiAl alloy along all three crys-
tal directions. The relationship between the area distribution
of each grain and the number of grains is shown in Fig.5b.

1.4 Establishment of macro-fracture model

For the purpose of verifying the correctness of the micro
bridge to the mesoscopic model, a cohesive element with a ze-

Fig.4 Schematic diagram of Voronoi tessellation

ro thickness was used to simulate the cracks in the macroscale
finite element system. The whole model is shown in Fig. 6,
with a width of 500 pm and a length of 480 um. Furthermore,
the notch width (W) was 40 um in the compact tensile (CT)
specimen, and the length of the pre-crack («) and the dimen-
sion of cohesion region were 200 pm and 200 umx40 um, re-
spectively. The load was applied to the upper circle of the
specimen along the positive Y-direction, and the lower circle
was fixed. The diameter of the circle was 100 pm. The uniaxi-

Table 1 Elastic constants and related parameters of TiAl alloys

C,/GPa C,,/GPa C,,/GPa C,,/GPa

C,/GPa

Cy/GPa K/GPa G/GPa E/GPa v

186 72 74 176 101

77 110 74 181.5 0.23
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Fig.5 Initial microstructure of y -TiAl reproduced from experi-

ment?®! (a); distribution results of grain area (b)

al tensile load was applied at a constant displacement under
the plane strain conditions, and the final simulation result was
obtained.

In the decohesion process, the maximum nominal stress cri-
terion determines the crack damage evolution criterion, and
the parameters convert when the geometric thickness is 1 in
the FEM. Therefore, the tangential damage stress and fracture
energy were consistent with the parameters in the normal di-
rection. In the grid division, it should be refined as much as
possible in the expected fracture area. Other unbreakable areas
should be divided into coarse meshes.

2 Results and Discussion

2.1 T-S parameters of crack propagation

In order to analyze the crack propagation influence of differ-
ent simulation styles, the MD simulation of the twin interface
at 300 K is shown in Fig.7, which shows the initiation stage
and the crack propagation stage after the tensile stress increas-
es. In Fig.7, the gray contrast patches appear after stretching
due to the accumulation and disorder of atoms. Furthermore, it
can be found that the holes appear at the twin interface, and
gradually form cracks as the tensile stress increases in Fig.7a.
In Fig.7b and 7c, the initiation cracks are near the defect, and
a regular path forms when the blunt crack starts to expand.
The data obtained from the T-S region transform into a scatter
plot, and a bilinear image synthesizes, as shown in Fig.8. In
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Fig.6 Schematic diagram of CT specimen for FEM modeling

addition, the bilinear image transforms into a related parame-
ter by the concept of the cohesive parameter in Fig.2.

The corresponding cohesion parameters are obtained when
the T-S region is set in the simulation model, and these param-
eters are listed in Table 2. It can be observed that the tensile
stress is the largest when there are no defects at the twin
boundary. The maximum separation displacement of the entire
model is also the largest, proving that more fracture energy
is needed to generate cracks as there are no defects at the
interface. The energy required for the crack is smaller when
there are defects at the interface, making the crack propaga-

Crack formation progress

tion easier.
2.2 Intergranular fracture of polycrystalline p-TiAl

The results show the critical stress cloud diagram in Fig.9.
For the gamma phase structure, an intergranular fracture oc-
curs at the interface y/y during the stretching process in which
the grain number is 70. It can be observed that the crack initia-
tion is faster when the cohesive force parameters of the defect
model are applied to the model. The above situation shows
that the microscopic defects cause the interface sensitivity of
mesoscopic polycrystalline and the first interface crack occurs
earlier. Afterward, as the load increases, the crack continues to
grow along with the interface and forms the main crack. At
the crack initiation stage, as shown in Fig.9, it can be seen that
the high-stress areas are initially at the intersection of the inter-
face. Stress concentrations occur at the intersection of the in-
terface, and then the new cracks may emerge. Moreover, with
the crack initiation and continuous growth at the grain bound-
ary, microcracks nucleate at the interface and propagate along
the grain boundary under the load along [001] direction. The
crack length is greater than the characteristic size of the struc-
ture, namely the average grain size in the near-y structure, and
the microcrack eventually forms the main crack. The stress
concentration at the interface of the original high-stress zone
is released. Along with continuous propagation, the high-
stress zone exists at the crack tip of the main crack. Eventual-
ly, the expansion of the main crack leads to the failure of the

entire structure.

Fig.7 Different fracture processes in MD simulation: (a) non-defect, (b) blunt crack, and (c) blunt crack+void defect
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Fig.8 T-S results of non-defect (a), blunt crack (b), and blunt crack-+void defect (c) fracture processes

It can be found from Fig.9 that the main crack is perpendic-
ular to the loading direction, accompanied by the initiation of
some microcracks. With the increase of load, cracks also ap-
pear on the other side of the TiAl alloy and expand to the cen-
ter. When the load causes a brittle fracture, the discontinuous
microcracks gradually overlap together, which breaks the mod-
el. The edge cracks can also be observed when the simulation
style is non-defect in Fig.9a. Besides, the Mises stress near the
main crack gradually decreases as the defects at the interface
increase, as shown in Fig.9b and 9c. It shows that the critical
stress required for crack propagation is gradually smaller.

According to the observed polycrystalline fracture process
in Fig.10, the crack initiation is highly sensitive to the crystal-
line interface structure during the crack initiation process. The
inability to quantitatively describe the crystal structure makes
it difficult to predict the occurrence of cracks. However, after
the formation of the primary crack in the structure equivalent
to the characteristic size of the grain, the local stress state of
the crack tip is the main factor which dominates the crack

propagation. The load value is a reaction force on the bottom
surface, which indicates that its strength improves with the
variation of interface situation. Furthermore, it can be inferred
that the grain structure and local failure mode are different. In
the end, the main crack propagates along the crystalline inter-
face and eventually fails after the crack initiation.

2.3 Macroscopic fracture simulation

In Fig. 11, the generated grid elements are CPE4R. In order
to simulate the crack propagation as appropriately as possible,
the mesh of the middle prefabricated crack attention area is re-
fined. Moreover, the COH2D4 elements are applied to CPE4R
meshes in the refined area (Fig.6). In the coarse grid region,
the average size of all the CPE4R elements is about 15 pum.
The minimum size of the refined mesh in the crack concern ar-
ea is 1 um. The constitutive parameters obtained from the MD
simulation can be applied to the refined grid in the middle re-
gion. The parameters include the initial damage stress o, ini-
tial stiffness K and fracture energy G,. These parameters can
be extracted from T-S curve, as shown in Fig.2.

Table 2 Parameters of bilinear curve in directions’’

Simulation style

Damage stress/GPa

Maximum separation/nm

Stiffness/>x107 pN-pm™3

Fracture energy/J-m™

Non-defect 8.08 2.658 2.38 10.74
Blunt crack 7.35 2.536 2.27 9.32
Blunt+void defect 7.29 2.417 2.21 8.81

S, Mises b S, Mises c S, Mises d

(Avg: 75%) (Avg: 75%) (Avg: 75%)

+2.783e+04 +2.640e+04 : +2.421e+04

+2.551e+04 . +2.421e+04 +2.220e+04

+2.319e+04 +2.201e+04 - +2.018e+04

+ +2.087e+04 +1.981e+04 I +1.817e+04

. +1.855e+04 +1.761e+04 | +1.616e+04

+1.623e+04 +1.542e+04 +1.414e+04

+1.391e+04 +1.322e+04 +1.213e+04

+1.159e+04 +1.102e+04 +1.011e+04

+9.275e+03 +8.826e+03 +8.100e+03

+6.956e+03 +6.629e+03 +6.087e+03

+4.638e+03 +4.432e+03 +4.073e+03

+2.319e+03 +2.235e+03 +2.059%e+03

+9.761e-13 +3.755e+01 +4.566e+01

Fig.9 Single-phase TiAl polycrystalline figure (a) and critical stress cloud diagrams for fractures with different defects: (b) non-defect, (c) blunt
crack, and (d) blunt crack+void defect
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Fig.11 Finite element meshes for macroscale model

It can be observed that the crack propagates along the area
in Fig. 12. The crack propagation path is single and smooth.
The type of expansion is roughly consistent with the open
type expansion. The crack propagation path is fully developed
when the loading displacement is 7 pm, and the stress field is
also expanded. Meanwhile, in Fig. 12a, the crack length is
greater than that in Fig.12b and 12c. The stress tip area is com-
pared with the previous state of the stress field distribution,
and the gradient is similar, indicating that during the fracture

S, Mises a
(Avg: 75%)

+1.191e+04
+4.000e+03
+3.667e+(B

+3.333e+(B
+3.000e+(B
+2.667e+B
+2.333e+38
+2.000e+@B
+1.667e+3B
+1.333e+8B
+1.000e+®B
+6.668e+R
+3.334e+@
+1.209e-01

process, the crack tip is the primary bearing area.

The fracture under the cohesive constitutive parameters of
different defects is simulated to reveal the effect on the macro-
scopic crack propagation. The tensile failure model under dif-
ferent defects is shown in Fig. 13a. In the early elastic stage,
the entire CT specimen exhibits the same behavior due to the
presence of prefabricated cracks. As the model continues to be
stretched, the crack propagates from the preset crack to the co-
hesive region. It can be observed from Fig.13a that the maxi-
mum force value of the model locates basically at the initial
failure stage of the cohesive zone, and the stress at the crack
tip at the same time is also the maximum during the fracture
process. It is found that the damaging force decreases during
the crack propagation process. The elastic response before fail-
ure is smooth after the initial stage. According to the theory of
linear elastic fracture mechanics, the stress intensity factor
(SIF) K, at the crack tip is expressed as follows®":

o
f(;/) = H/FW {0.886 + 4.64(;/) -

a 32
(1- 7 )

2 3 4
a a a
13.32(—| + 14.72(—| - 5.60|—
33 (W) 7(W) 560(W”

where F is a critical tensile force; B is the specimen thickness.
The two-dimensional plane strain is applied during the FEM
investigation, so the thickness effect is ignored, and the speci-
men thickness B is 1 um.

The force-displacement parameters are obtained from the
FEM simulation and used to calculated SIF. The SIF depends
on the critical stress when the material begins to fail. It can be
seen that the range of fracture toughness is 14~16.5 MPa-m'?
in Fig.13b, while the corresponding value of the experiment is
~11.4 MPa-m"*P%, The difference between the simulated and
experimental SIF results is mainly caused by the difference be-
tween the near-y microscale structure and macroscale sample
structure. According to the derivation of the simulation re-
sults, the strength of TT structure is greater than that of the
near-y structure. Additionally, the simulation results are com-
pared with the results of CT experiment of y-TiAl alloy with

S, Mises b SiNTices c
(Avg: 75%) (Avg: 75%)
+1.116e+04 +1.043e+04
+4.000e+03 +4.000e+0
+3.667e+0 +3.667e+3B
+3.333e+@B +3.333e+3
+3.000e+03 .~ +3.000e+3
- +2667e+( - +2.667e+(B
b +2333e+3 +2.333e+3B
+2.000e+@B +2.000e+B
+1.667e+38 +1.667e+®B
- +1.333e+@ S +1.333e+(
+1.000e+03 +1.000e+03
+6.668e+QR +6.668e+@
+3.334e+@ +3.334e+@
+1.149e-01 +1.121e-01

Fig.12 Stress cloud diagrams for different macroscale fracture models: (a) non-defect, (b) blunt crack, and (c) blunt crack+void defect
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simulation types

TT structure. It can further explain the influence of microscale
interface on the macroscale fracture. The damage response for
different defect types produced by the phase interface with
uniform grain distribution is not much different when the num-
ber of grain is the same, but there is a certain tolerance in the
accuracy of the model.

3 Conclusions

1) For the crystal structure of a y-TiAl alloy, the presence or
absence of defects have a significant influence on the strength
of the entire near-y structure when the ratio of grain is the
same. The blunt crack and void defect deforms more easily
than the non-defect model does in TiAl grains at the elastic de-
formation stage.

2) It is feasible to establish the influence of micro-defects
and macro-fracture based on the predictions related to the frac-
ture toughness, which is helpful to understand the initiation
and propagation of cracks from a multiscale perspective.

3) There are local changes in the structure related to the
grain interface. Nevertheless, the damage response for differ-
ent defect types produced by the phase interface with uniform
grain distribution is not much different when the number of
grains is the same. A better method to expand the cohesive
zone model should be considered, because of the size effect of
cohesion on the entire model, and there is a certain tolerance
in the accuracy of the model.
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