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Abstract: Long fibre-reinforced metal matrix composite materials, which are widely used in industry,
have complex and diverse damage modes due to their structural characteristics. In this study,
the progressive damage process and failure mode analysis of the SiC/TC, composite shafts were
thoroughly investigated under single torsional loads. A bearing performance test was carried out, the
damage process was monitored using acoustic emissions, and the fracture specimens were analysed
using a scanning electron microscope (SME). More specifically, under reverse torque loading, the
damage process was slow-varying, the interface was subjected to tensile force, and fracture occurred
mostly in the form of interface cracking; further, the breaking load of the specimen was 11,812 Nm.
Under forward loading, the damage process was fast-varying. The fibres were subjected to tensile
forces, and the fracture form was mostly fibre fracture; the breaking load of the specimen was
10,418 Nm. Under torque loading, the first damage to the specimens appeared in the outermost
layer of the composite material’s reinforced section, and the initial cracking position was at the
interface, expanding from the outside to the inside. Based on the principles of macro-mechanics
and micro-mechanics theory, the cross-scale models were proposed, which contain the shaft with
the same dimensions as the specimen and a micro-mechanics representative volume element (RVE)
model. The initial interface damage load was 6552 Nm under reverse torque loading. Under forward
loading, the initial interface damage load was 9108 Nm. In comparison to the acoustic emission test
results, the main goal was to calculate the progressive damage process under the same conditions as
the experiment, verifying the effectiveness of the cross-scale models.
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1. Introduction

It is well-established that weight reduction and increases in efficiency are the design
requirements of next-generation aero-engines. Without changing the structural layout,
new types of materials with unique properties should be fabricated [1-3]. From this
perspective, metal matrix composites have a higher specific strength and specific stiffness
than conventional metallic materials [4,5]. The SiC¢/TC4 composite is a type of long
fibre-reinforced metal matrix composite that has been widely used in the shafts of many
engines to achieve the above-mentioned objectives [6,7]. The damage processes of SiC¢/TCy
composites, which are regarded to be anisotropic materials, are complex and diverse.
Further, the shaft also needs to withstand torque as it is a relatively important transmission
component [8]. Therefore, a deep understanding of the damage evolution and failure
modes of composite shafts can provide guidance for their application in aero-engines.

Shafts are core components in all mechanical equipment because they support rotating
devices and transmit motion, torque, or bending moment. A large number of experimental
studies and simulation calculations have been performed on the damage mechanism, fail-
ure mode, and fatigue fracture of these components [9,10]. GE and Pratt & Whitney [11]
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successfully applied a SiC¢/TC4 composite turbofan shaft to an XTE-45 engine, with a total
length of 127 cm and a layup of [£15°]3¢. GE Aero Engines developed four specimens of
fibre-reinforced titanium matrix composite cylindrical shafts. They conducted vibration
modal analysis and failure mode analysis experiments under normal- and high-temperature
conditions [12,13]. Further, Trifkovic analysed the failure causes of a combat jet aircraft rud-
der shaft (RS) during flight missions using a finite element method, proposing new design
suggestions [14]. In 2005, the University of Nottingham and the European Commission
jointly conducted the VITAL project to develop a total of 24 specimens with SiC¢/Ti-6Al-4V
composite shafts. Moreover, stiffness tests, fatigue tests, and failure mode analyses were
carried out, as well as numerical calculations and model validation [15,16]. All studies on
shaft damage, failure, and fatigue aimed to better transfer the load to mechanical equipment
and yield a more optimal design of the shaft [17,18].

At present, there are various methods for progressive damage analysis, most of which
focus on numerical calculations and experimental studies [19,20]. Usually, a numerical
model is established, and an appropriate failure criterion is selected according to the com-
putation module [21]. For example, Riccio [22] studied the shear behaviour of a stiffened
composite panel with a notch through numerical simulation using a three-dimensional
progressive degradation model, establishing a new method to take into account the gradual
intra-laminar degradation of composite laminates. Zhang et al. [23] also used a single-cell
model with fibre hexagonal distribution to predict the fibre’s bundle properties and then
simulated the progressive damage process of triaxial woven composites. In another study,
Himayat [24] established a new method to model the interactions between interface debond-
ing and skin damage, based on the cohesive zone model and continuum damage mechanics
scheme; this method can facilitate progressive damage analysis of a blade under extreme
loading. Han used a novel method to evaluate fatigue damage under sub-synchronous
oscillation incidents, which utilizes field data, modal decomposition, and superposition,
combining structural full-size finite-element modal analysis with the refined finite-element
structural analysis of specific parts [25]. Jeng et al. [26] provided a continuous SiC fibre-
reinforced Ti-25-10 titanium alloy composite with tensile damage fracture characteristics,
along with the damage mechanism at the strong and weak interfaces and the surface
characteristics of the tensile fracture. A significant amount of research based on the analysis
method of cross-scale mechanics has also been conducted [27,28].

Most research in this field has focused on the failure mode of metal drive shafts
and composite plates or shells. However, the damage process and the failure modes of
composite shafts have not been studied sufficiently, especially in terms of the microscopic
failure modes and failure processes, such as fibre fracture, matrix damage, and interface
cracking. Therefore, it is imperative to conduct damage process analysis and failure mode
research on SiC¢/Ti composite shafts.

Therefore, in this study, torsional strength experiments and failure mode analyses
on SiC¢/TC4 composite shafts were carried out. The damage process trend of the shaft
was monitored using acoustic emissions, and the onset of shaft fracture was examined
by carrying out electron microscopy experiments. A macro-mechanics shaft model and
a micro-mechanics RVE model were also established. Based on the two models, the
damage processes of fibre fracture, matrix cracking, and interface debonding under torque
loads were calculated by the finite-element method. The main goal was to calculate
the progressive damage process under the same conditions as the experiment, verifying
the effectiveness of the cross-scale models. This can provide design support for shaft
applications in aero-engines.

2. Theoretical Modelling
2.1. Periodic Boundary Conditions

The SiC¢/TCy4 composite shaft has a cylindrical structure and is synthesized by the
lamination of multiple layers of fibre-reinforced composites. Fibre-reinforced metal matrix
composite shafts are prepared through a fibre-winding process [1,28,29], and can be divided
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into single-cell RVEs, periodically arranged RVEs, single-layer materials, and laminated
materials. Further, the order of material structure scales—from small to large—is from
macro-mechanical to micro-mechanical [7], as shown in Figure 1.
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Figure 1. Macro-micro mechanical scales of the fibre-reinforced metal matrix composite shaft.
(Principal coordinate system-XYZ and Off-axis coordinate system-123).

As shown in Figure 2, the simplified geometric model of the RVE is a cube with side
length L, where A; (i=1, 2, ... 8) denotes the vertices of the RVEand B; (i=1, 2,... 12)
refers to the edges of the RVE. The boundary surfaces of the RVE are represented by C;;.
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Figure 2. Simplified description of the RVE.

When the RVE is initially undeformed, Mg and Mg, are the position vectors of
any points Q; and Q; on the initial model surface C; and C,, respectively. M 41 and Ma»
represent the initial vectors of the vertex A; and A; of the model, and T andTg;, denote
the shape vector of points Q1 and Q, on the initial model surface C; and C, for the RVE,
respectively, expressed as follows:

Tor = M1 — Mag )

Too = Mgy — Map )

When the RVE is deformed, Ng1 and N, denote the vectors of any points Q; and Q,
on the initial model surface C; and C,, respectively. N41 and N4, denote the initial vectors
of the vertices A; and A, of the model, respectively, and Py and Pg, refer to shape vectors
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of points Q1 and Q5 on the initial model surfaces C; and C; for the RVE, respectively, which
can be expressed as follows:
Po1 = Ng1 — Nai 3)

Poy = Ngp — Nas 4)

According to the RVE displacement continuity condition, the variables of the model
corresponding to the boundary always remain the same, namely T equals Py and Tg»
equals Pgpy. When the RVE is deformed, Rg1 and R, represent the displacement vectors
of any points Q; and Q; on the initial model surface C; and C;, respectively, and R41 and
R4» denote the displacement vectors of the vertices A and A;. Thus,

No1 = Mg1 + Ry 5)
Ng2 = Mgz + R (6)
Nap = Ma1 + Rap @)
Naz» = Mas + Ra ®)

In summary, the displacement vectors can be expressed as follows:

R = Rg1 + (Ra2 — Raq) )

Similarly, other faces can also be formulated. Hence, it can be argued that all the node
displacements in the symmetry plane during the deformation of RVE can be accurately
determined by the corresponding nodes in their symmetry plane.

The RVE satisfies the stress values of equal magnitude and opposite direction on its
opposing surfaces to fully ensure that the stress field is continuous and uninterrupted between
neighbouring RVEs. More specifically, when the RVE is deformed, its Y-direction is known
by the RVE element stress continuity condition, while the stress components on the external
surface of the RVE element deformation can be expressed using the following equations:

o, —0_=0 (10)

T, -1 =0 (11)

where ¢ is the normal force on the corresponding surface in the Y-direction,t denotes the
tangential force on the corresponding surface in the Y-direction, and + and — represent any
two boundary parallel surfaces in the Y-direction.

Sy =&Y + 5y (12)

where €, is the average strain of the RVE with periodicity, gy stands for the linearly
distributed displacement field to reflect the periodic uniformity of the RVE, and s;, denotes
the displacement correction of the RVE, which is determined by the internal composition
structure of the composite. For the long fibre-reinforced structure, this variable has a global
periodic character. If a cell contains any of the RVEs in the structure, it should comply with
the following boundary condition:

sq — s, = EAy (13)

In addition, if the RVE has been defined to be periodic, Ay should be a constant, and
€, represents the overall average strain component of the composites, which is constant
in a structure with uniformly arranged reinforcements in the same material. Therefore,
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£,Ay is a constant. If the corresponding boundary displacements S, and S;, for the RVE
simultaneously satisfy Equation (13), then we obtain the following equation:

AS=S,—S, (14)

Following the minimum strain energy principle, if the minimum strain energy reaches
a minimum value, then AS = 0, at which point there is only one solution when the
displacement boundary condition is imposed on the RVE.

The planar structure of the RVE of a single fibre-reinforced composite is shown in Figure 3.
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Figure 3. The 2-D periodic structure of the RVEs.

Displacement continuity boundary conditions are imposed on cells T, T Tc Ty, Ty Te Tk Tg,
T, Ty Ty, Ty, etc., if it is assumed that these RVEs cannot satisfy the stress continuity. Then, for
the element T, T} T, T, the following equation will apply:

Uag 7 Obh (15)

where 0;; is the RVE corresponding to the normal force outside the boundary.
Additionally, for the other RVE T, T,T; Ty, the following expression holds:

oo F ok (16)

where ¢’;; denotes the RVE corresponding to the force normal to the right side of the boundary.
From Equations (15) and (16), it can be found that

o'on # O (17)

It is important to note that Equation (17) is obviously not consistent with the practical
situation. In particular, if the previous assumptions do not hold, the RVE can ensure that the
normal stress continuity condition is satisfied. Similarly, the shear stress continuity condition
can be also proven to hold simultaneously using this method. In summary, the correspond-
ing stress continuity boundary condition is automatically satisfied when the displacement
continuity boundary condition is applied to the RVE with a periodic arrangement.

2.2. Derivation of the Damage Evolution States

According to the conclusions drawn in a study by Echaabi [29], the Hashin criterion
is able to distinguish the physical properties of fibre and matrix damage. Therefore, the
Hashin criterion was used to determine the damage initiation during the progressive failure
analysis herein; the progressive failure flow, combined with the computational model in
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this paper, is illustrated in Figure 4. The following five different damage modes were
considered in the model: fibre tensile failure, fibre compression failure, matrix tensile
failure, matrix compression failure, and matrix fibre shear failure [30,31]. As far as the
fibre-reinforced metal matrix composite is concerned, the stress—strain relationship in the
principal coordinate system can be expressed as follows:

011 Ei  ymEr O
o= |12E2  E2 0 (18)
T12 0 0 G12

where E; and E; are the longitudinal and transverse moduli of elasticity, respectively; 1
and 1, denote Poisson’s ratios; and Gy is the shear modulus. According to the classical
laminate theory, the following expression can be derived:

o' = Coe (19)

where Cy is the composite stiffness matrix and the principal coordinate system of the
fibre-reinforced composite monolayer structure shown in Figure 1.
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Figure 4. Progressive failure calculation flow.

When local damage is generated in the material, the stiffness degradation due to the
damage is considered. Based on the principle of material property degradation (MPDG),
the constitutive equation of the material is defined as follows:

o= Cye (20)

where C; denotes the damage stiffness matrix. The damage stiffness matrix of the trans-
versely isotropic material C; for the plane stress state can be expressed as follows:

1 (1—df)E (1—df)(1 —dm)r12E1 0
Ci=(1-d))Co =5 |(1—df)(1—dn)ri2E2 (1—dm)E; 0 (21)
0 0 (1—dy)G1D

where D = 1— (1 — df)(l — dm)Y12721, df, iy, and ds are the fibre, matrix, and shear
damage state variables, respectively. The damage state variables have values between 0
and 1. When the damage state variable is 0, it means that the element has experienced



Appl. Sci. 2023,13, 6232

7 of 22

no damage and that the material stiffness has not changed. On the other hand, when the
damage state variable is 1, it implies that the element has completely failed and that the
material stiffness is 0.

Where the superscript t indicates stretching and specifies c compression for d. After
the damage has occurred, the effective stress of the material is & = Mo, where the damage
matrix M is defined as follows:

1
1—d; 0
M=| o _1_ (22)
0 0 g

The local damage within the composite degrades the material properties, the stiffness
of the damaged element is lowered, and the stress values are redistributed [31]. The stress
increase near the damage site is also larger, and failure is more likely to occur when the
load increases, causing the gradual expansion of damage. Figure 5 depicts the damage
evolution pattern of the linear elastic material.
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Figure 5. Diagram of the damage evolution pattern of the linear elastic material.

In Figure 5, section OA indicates the state of the composite material without damage,
whereas section AC shows the degradation of the material after the damage has occurred.
During the process of stiffness reduction of the material, the damage factor d is defined
as follows:

_ - o)
~5(6f — 69)

The damage initiation displacement can be calculated by the following expression:
80 = Lce?, where the damage initiation strain is defined as follows: ¢’ = X/E. The
complete failure displacement can be expressed as follows: §f = 2G./o°, where G, is the
fracture toughness (this is the shaded area in Figure 5).

After the degradation of the stiffness of the material’s damaged part, a new stiffness
matrix C; can be obtained, which is rebalanced under the original load. As the external
load increases, the damage accumulates and superimposes until final failure.

d (23)

3. Experiment
3.1. Experimental Materials

The experiment was conducted using the SiC¢/TC4 composite shaft; the SiC fibres were
manufactured at the Institute of Metal Research, Chinese Academy of Sciences. Significant
research has been conducted on RF fibre production, as well as on the use of the DC method
for SiC fibre deposition and its growth principle. Further, gas reduction cleaning technology
has been proposed by the Institute of Metal Research. In this technique, Hy—with a large
specific heat capacity and strong reduction potential—is introduced into the reaction
vessel. This H,, which acts on the surfaces of the W filament, is cleaned and cooled.
In the deposition stage of SiC, the reaction gas is introduced to control the ratio of the
reaction gas, flow and velocity, and deposition temperature. Finally, the concentration field
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and temperature distribution suitable for the stable growth of deposited SiC is obtained,
which ensures the fine grain organization of SiC fibres. This is a comprehensive and
integrated short process that facilitates W filament cleaning, SiC deposition, and coating
deposition in the same reaction vessel through the design of the reaction vessel’s shape
and structure, especially the control of the gas flow path. This must be coordinated with
the comprehensive correlation regulation of the reaction gas type, concentration, flow rate,
deposition temperature, and wire resorbing speed.

The SiC layer was deposited on a tungsten monofilament by chemical vapour deposi-
tion. A carbon coating with a thickness of 2 um was also produced to prevent a reaction
between the SiC layer and titanium alloy. The total diameter of the SiC fibre was about
100 um, and the average tensile strength was about 3600 MPa, with a high modulus that
was subjected to Weibull analysis [32]. The Ti matrix composites were fabricated via the
matrix-coated fibre route to achieve a homogeneous distribution. The matrix, with a nomi-
nal composition of Ti-6Al-4V, was deposited on SiC fibres using magnetron sputtering [33].
The coated fibres were wound at 45° orientations and finally consolidated into matrix
claddings through hot isostatic pressing. It has a total of two types of plies, 6-ply and 10-ply.
All parts other than the test section were Ti, and the [45°]4 specimen drawing is shown
in Figure 6. The images of the two specimens are shown in Figure 7a; the cross-section
morphology of the other test pieces were observed after dissection, as shown in Figure 7b,c.
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Figure 7. Photograph of the specimens and the cross-section morphology: (a) the specimens; (b) the

A
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entire cross-section morphology; and (c) the partial cross-section morphology.

All experiments were conducted at room temperature, and the servo cylinder was
controlled by the hydraulic drive system. One section of the swing arm was connected to
the cylinder, and the other end was connected to the specimen adapter section. Further,
one section of the specimen was fixed to the adapter section, and the torque was applied to
the adapter section by the swing arm and then transferred to the specimen. The other end of
the specimen was fixed by full restraint; the installation of the experimental system devices
and the specimen are shown in Figure 8a,b. The entire experimental process was controlled
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by the computer, which was connected to an MTS Flextest200 controller (Germany), and
the controller was connected to the torque sensor and the hydraulic servo valve through
the cable. The servo valve controls the oil in and out of the hydraulic cylinder according to
the command value given by the computer, as shown in Figure 8c.

Dial indicator 2

Torque
transducer

(c)

P

=

Hydraulic MTS Flextest200 Computer
servo-valve controller operation

Figure 8. Test system layout: (a) test system device; (b) measuring equipment; and (c) operating end
and controller.

Damage detection was performed through both destructive and non-destructive
testing using a Hitachi S-3400N (Japan) scanning electron microscope to observe the longi-
tudinal profile morphology near the sample fracture. A PCI-2 acoustic emission system
from Physical Acoustics was used to monitor the damage evolution non-destructively.
Two broadband (200-900 kHz) acoustic emission sensors were also mounted symmetrically
on the specimens. Moreover, the acquisition parameters of the acoustic emission system
were as follows: the threshold was set to eliminate the background noise at 45 dB, and the
acoustic emission waveform was recorded at an acquisition rate of 5 MHz per channel.

The experimental conditions were as follows: reverse torque applied to the [45°]4 shaft
(the fibre was subjected to compressive load, and the interface was subjected to tensile load).
The forward torque load was applied to the [45°];o shaft (the fibre was subjected to tensile load,
and the interface was subjected to compressive load). In the torsional strength experiment, the
torque was loaded from 0 Nm, with a step size of 1 Nm, until the specimen fractured; finally,
the specimen lost its load-carrying capacity and was deemed to be damaged.

3.2. Experimental Results

The torsional strength experiment results are presented in Table 1. The SiC¢/Ti com-
posite had a compression strength greater than its tensile strength. Thereby, the torsional
strength of the [45°]¢ shaft was slightly greater than that of the [45°]1¢ shaft. The specimens
were damaged, and the fractures of the specimens were cut, as shown in Figure 9.

Table 1. Experimental results of the specimens.

Torque (M) Experiment
Layer Scheme Direction Value/Nm Fracture Status
[45°]¢ Reverse —11,812 Cracks in 45° and 90° directions

[45°Th0 Positive 10,418 Cracks in 90° direction
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Figure 9. Damage mode and fracture morphology: (a) [45°]¢ shaft damage mode; (b) [45°]¢ shaft
fracture morphology; (c) [45°]1¢ shaft damage mode; and (d) [45°];¢ shaft fracture morphology.

3.2.1. [45°]¢ Shaft Failure Mode Analysis

In acoustic emission monitoring of Ti metal matrix composites, 40-60 dB is mostly
used for interface cracking, 60-80 dB is used for matrix cracking, and over 90 dB is for fibre
fracture [30]. When the torsional load gradually increased from 0 Nm, the interface was
first damaged under the tensile stress, and the interface damage signal of 40-60 dB was
monitored by acoustic emissions, as shown in Figure 10a. As shown in Figure 11a,b, the
interface exhibits obvious debonding. It is shown that, after interface debonding, a flat
and regular 45° crack is formed along the fibre direction. After the crack is generated by
the SiC fibre-reinforced part, it rapidly expands to the inner and outer titanium matrix of
the shaft in the direction shown by the arrow in Figure 11a, which leads to cracking and
causes matrix damage. Then, a relatively large number of matrix damage acoustic emission
signals—concurrent with interfacial cracking signals—are produced, and the 60-80 dB
acoustic emission signal is shown in Figure 10a.

13,000 —4 - 120 10,500 —# 140
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11,000 1100 _
E 10,000 - z ;é 9500 {100 2
Ve T & k-4
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g 8000} Z 5 =
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(a) (b)

Figure 10. Acoustic emission monitoring experiment results: (a) [45°]¢ shaft results; (b) [45°]10
shaft results.
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Figure 11. Electron microscope image of [45°]4 fracture: (a) 45°fracture crack opening direction;
(b) 45° fracture interface debonding; (c) 90° fracture fibre shearing; and (d) 90° fracture fibre damage.

The 90° region observation results are illustrated in Figure 11c,d; a large amount of
shear plastic deformation of the titanium matrix occurred along the 90° direction under
shear stress. A large number of fibres were also sheared on the fracture, and fibre splitting,
C coating dehiscence, and local delamination could occur. W wire cleaning, SiC deposition,
and C coating deposition were realized in the same reaction vessel during the preparation
of the SiC product. The C coating was between the SiC fibre and matrix, which ensured
that the fibre and sputtered matrix have close bonding and no gaps. This improves the
performance of the material. Under reverse-torque loading, the fibre was compressed, and
the SiC fibre and C coating were separated under compression loading. C coatings were
brittle and broke in multiple places under compression loading, resulting in C coating
dehiscence and local delamination. In addition, many fibre fracture signals > 90 dB finally
appear in Figure 10a, which clearly indicates that the SiC fibres were sheared in large
quantities, driven by the titanium matrix.

3.2.2. [45°]1¢ Shaft Failure Mode Analysis

Shafts with this number of plies exhibit a small amount of interface damage signal at
first, followed by a matrix damage signal, concentrated at 60-80 dB, and, subsequently, by
a large amount of fibre damage acoustic emission signal higher than 90 dB, as shown in
Figure 10b. The SiC fibres were sheared in large quantities, driven by the matrix, followed
by a large number of 40—-60 dB interfacial damage signals. When the fibres were fractured,
the interface exhibited delamination damage.

Figure 12a,b show that the fibre fracture was mainly in the titanium matrix in the 90°
direction, while the SiC fibres did not fracture strictly in one plane when they were carried
off by the titanium matrix. Therefore, the SiC fibre fracture surface had some undulations.
Further, during the twisting process of the shaft, the titanium matrix on both sides of the
fracture extruded and rubbed each other, leading to the formation of a large area of plastic
deformation. More shear tough nests appeared in the titanium matrix on the shaft fracture,
which is a typical ductile fracture feature. From the abovementioned observations, it can be
concluded that, during torsional static loading, a large amount of plastic deformation of
the titanium matrix occurs under the action of shear stress. The titanium matrix drives the
SiC fibres to shear fracture, which eventually leads to overall damage to the specimen.
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Figure 12. View of [45°]y fracture electron micrograph: (a) cross-sectional view of 90° fracture;
(b) neat fibre cut; (c) outer clad titanium plastic deformation zone; and (d) inner clad titanium plastic
deformation zone.

4. Numerical Simulation Analysis Methods and Models
4.1. Definition of Plane Stress

A schematic of a hollow homogeneous shaft subjected to torque is shown in Figure 13.
The orientation of an element of the material, which is aligned with the axial / circumferential
direction, is also shown in Figure 13, along with the shear stress [15,16] T associated with
this element orientation. The stress state associated with a general element orientation 6 is
included in Figure 13, along with those of the 6 = 0° and 6 = 45° orientations. It should
be noted that 6 defines the plane on which the stress acts, such that the planes defined by
6 = 0° and 6 = 90° carry purely shear stresses, while the planes defined by 8 = £45° carry
purely direct stresses. The fibres were wound onto the shaft at 45°. The 45° fibre orientation
caused the fibre direction to be perpendicular to the § = 45° plane, as defined in Figure 13.
This is the plane of the maximum tensile stress.

M . \
0 =0° plane J r I

<~
0 =90° plane /

=45° plane

=-45° plane

=45° plane

=-45° plane Oy

Ty
M

Figure 13. Macro—micro mechanical stress transformation.
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4.2. Numerical Calculation Model

Based on the cross-scale mechanical theoretical framework, the macro-mechanical drive
shaft models corresponding to Figure 6 were constructed, as shown in Figure 14a. The com-
posite (SiC/TCy4) material parameters, the fibre and matrix (S5iC and Ti) material parameters,
and the interface parameters (TiC) are presented in Table 2. For the SiC/TC4 composite shaft,
the critical failure loads of fibres and the matrix were predicted by applying progressive
torque to the finite element model based entirely on the experimental load conditions.

Figure 14. Numerical calculation model: (a) the shaft model and (b) the RVE model.

Table 2. Material parameters.

Material E/GPa n G/GPa
Eq 234 i 0.23 Gy 64.38
SiC/TCy E; 187 U2 0.27 Gy 71.69
E; 187 U3 0.23 Gs 64.38
Material E/GPa u X¢/MPa X./MPa S/MPa
SiC 400 0.17 1800 1800 900
Ti 110 0.30 950 1100 510
Material E/GPa i X¢/MPa Xc/MPa & m
TiC 330 0.3 98.5 98.5 0.0005

Based on the 3D Hashin failure criterion, the user-defined field (USDFLD) damage
subroutine is prepared to simulate the damage of each component during the test. In the
calculation process, the load is increased step by step, the stress state at the integral of each
element is calculated, and the damage index is calculated according to the stress state of
the element, which is stored in the state variable SDV. Therefore, we define SDV to be the
maximum damage index (MDI). If MDI is 0, no damage occurs temporarily. The greater
the MD, the greater the degree of damage. When the MDI increases to 1, the element fails,
resulting in stiffness degradation. Stress analysis is continued until the entire structure fails.

The damage subroutine of the micro RVE model was employed to simulate the dam-
age of the interface that occurs during the experiment [34]. Through macro-mechanical
calculations, for the shaft, the actual stress of the dangerous position element was ex-
tracted, and the actual stress was applied to the RVE model after the macro-mechanics
transformation. After loading, the response result of the interface could be obtained. The
presence of damage was judged according to the stress state of the element, and MDI was
calculated; when MDI reached the value of 1, the element at the integration failed, and
stiffness degradation occurred. The stress analysis of the fibres and the matrix continued
until the failure of the entire shaft [35].

The RVE model was established using a fibre diameter of 100 um and a fibre volume
fraction of 35%. Moreover, the quadrilateral representative volume element model, with a

side length of 150 um, was established according to L = R, /7t/ V¥, as shown in Figure 14b;
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the C3D8R cell was selected for the fibre and matrix. The cohesive element (COH3DS8)
based on the bilinear cohesion model was also selected for the interface, periodic boundary
conditions were applied, and meshing was performed.

5. Results and Discussion

The results of the model torsional strength calculation are shown in Figure 15. In
particular, the [45°]s model exhibited different degrees of reduction in the stiffness at
points a, b, ¢, d, e, and f as the load increased, and final fracture occurred at 10,281.7 Nm.
The [45°]1p model exhibited failure primarily at the interface, matrix, and fibre between
9000 Nm and 10,000 Nm, and finally fractured at 9545 Nm.

14,000

13000 F 2™ 12,000
12,000 | étw s 5 11,000 f —Experiments
g b€ ——FE.simulation

o~ 11000 | s _///JX/ e f 10,000 F  stiffness reducation pointab,c,d i~~~ H
£ 10,000 F Seso T 9000F ! :
% i S d Z 8000
3 s0op T < 7000
el A 2 o
g 2 5000F
5 s000fF g
i | 5 4000f

3000 Experiment 3000

2000 | FE.simulation 2000

1000 | Stiffness reduction point a,b,c.d.e.f 1000 R 2637 38789 0 4

0IJ 1 2 3 4 5 6 00 1 2 3 4 5
Twist angle(®) Twist angle(®)
(a) (b)

Figure 15. Comparative analysis of the torsional strength calculation results and experiments:
(a) [45°]¢ model; (b) [45°]1¢p model.

5.1. [45°]s Model Calculation Results and Validation
5.1.1. Interface Damage

Based on the macro-micro mechanics transformation method in Section 4.1, the stress
of the danger position element of the model (the danger element appeared in layer 6) was
extracted by calculating the response results of the [45°]4 shaft model under torque, which
were transformed into transverse and longitudinal loads, and then added realistically
to the RVE model. The MDI of the interface of the RVE model was also calculated, and
the corresponding value under different loads was obtained, as shown in Figure 16. The
applied torque started from 0 Nm; when the torque reached —6552 Nm, the interface
exhibited cracking and the MDI reached 1, as shown in Figure 16d. This torque is the
interface critical cracking load, which corresponds to point a in Figure 15a, which reflects
the appearance of interface cracking. Then, stiffness fracture occurred, which is consistent
with the interface cracking signal monitored by acoustic emissions, as shown in Figure 10a.
The MDI of the matrix and fibre had not reached 1 for all layers before the interface cracked.
The damage process of the matrix and fibre can be observed using a macroscopic model
with increasing load.

5.1.2. Matrix Damage

When damage occurs at the interface, cracks are generated. The cracks extend into
the titanium matrix, resulting in matrix damage, which corresponds to points b and ¢ in
Figure 15a under tensile stress. This result is also consistent with the acoustic emission
experimental results in Figure 10a.

Figure 17 shows that, when the torque reached —7194.46 Nm, matrix damage failure
appeared from layer 6 and extended to layer 4, and the MDI of layer 6 was 1.014. This
result shows that, when the torque reached —7322.29 Nm, all layers of the reinforced
section started to exhibit different degrees of matrix damage. Additionally, the matrix
damage trend extended from the failure initiation position to the ends of the model in
Figures 17 and 18. The trend of the matrix damage was extended from the failure initiation
position to both ends of the model, and the damage zone was gradually increased from



Appl. Sci. 2023,13, 6232 15 of 22

layer 1 to layer 6, with a 45° damage trend in the reinforced section of layers 1, 2, and
3. When the torque load reached —10,136.80 Nm, as shown in Figure 19, the 6th-layer
matrix was almost completely damaged. The matrix damage zone almost covered the
U-shaped reinforced section of the model, and the damage zone was perpendicular to the
axial direction, exhibiting a 90° damage trend. This result is consistent with the angle of
the electron microscope experiment results in Figure 9b.
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Figure 16. MDI of the interface element of the [45°]; RVE model: (a) M = —2000 Nm; (b) M = —4000 Nm;
(c) M = —6000 Nm; (d) M = —6552 Nm.
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Figure 17. MDI of a matrix of the [45°]¢ model under different loads.
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Figure 19. M = —10,136.80 Nm matrix MDI: (a—f): 1st layer-6th layer.

5.1.3. Fibre Damage

When the torque reached —9940.31 Nm, the MDI of layer 6 fibres reached 1.013, which
indicates that the fibres exhibited damage first; this corresponds to the stiffness fracture
at point d in Figure 15a. This outcome is consistent with the signal of interface cracking
monitored by the acoustic emission shown in Figure 10a. The large amount of plastic
deformation that occurred after the damage to the matrix led to the fracture of the SiC fibres.
Point e in Figure 15a shows the stiffness reduction corresponding to fibre damage when the
load reached —10,136.80 Nm. The trend of MDI values of each layer of the fibre and matrix
under this load is shown in Figure 17; the trend of the MDI of the matrix and fibre was
the same. When the 1st and 6th layers of the matrix in the reinforced section almost failed,
the matrix became useless and debonding with the fibre led to the inability to equalize the
load. Therefore, the fibres experienced transverse instability, resulting in the fibre MDI of
the 1st and 2nd layers reaching 1, along with the 5th and 6th layers, which began to lose
stability and fail. This result means that the model started to crack from the 1st and 6th
layers to the intermediate layers of the reinforced section. Point f in Figure 17a shows the
stiffness fracture corresponding to the fibre damage when the load reached —10,282.00 Nm,
at which time all layers of the fibres in all directions fractured.

The damage zone of the fibres gradually became larger with increases in torque; when
the torque reached —10,136.80 Nm, a large number of fibres were sheared short by the
titanium matrix, and the fibre failure area was extended in the 45°direction, as shown in
Figures 20 and 21, which corresponds to the fibre ply angle. When the torque increased
to —10,282.00 Nm, all layers of the fibres failed to fracture. The damaged area almost
covered the entire U-shaped section, as illustrated in Figure 22, and the layers gradually
lost their load-bearing properties. Finally, catastrophic damage occurred due to the loss of
the load-bearing properties.
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5.2. [45°]19 Model Calculation Results and Validation
5.2.1. Interface Damage

Similar to the [45°]¢ model, the MDI calculation results of the interface under different
loads are shown in Figure 23. The torque started from 0 Nm, the model was subjected to a
positive torque load, and the interface was subjected to pressure. When the torque load
reached 9108 Nm, the interface failed and cracks were generated, while the MDI reached
the value of 1. This torque is the critical load for interface failure. In the torsional strength
calculation, as shown in Figure 15b, point a is the stiffness reduction of the [45°];p model
after the appearance of interface cracking. Therefore, the first failure mode to occur in the
numerically calculated model was interface failure, which was consistent with the signal of
interface cracking monitored by acoustic emissions, as shown in Figure 10b. The MDI of the
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matrix and fibre did not reach 1 for all layers when the torque load reached 9108 Nm. The
damage process of the matrix and fibre for every layer can be observed by the macroscopic
model with increasing load.
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Figure 23. MDI of the interface element of the [45°];9 RVE model: (a) M = 1000 Nm; (b) M = 3000 Nm;
(c¢) M = 5000 Nm; (d) M = 7000 Nm; (e) M = 9100 Nm; and (f) M = 9108 Nm.

5.2.2. Matrix Damage

The critical load for interface failure was 9108 Nm, and after crack failure at the interface,
it instantly extended transversely to the matrix, and matrix failure occurred immediately
afterwards. When the load reached 9396.46 Nm, the matrix in the reinforced section of the
model failed, as shown in Figure 24. The MDI of the 10th layer was 1.019, extending inward
to the 8th layer, and the failure of the interface and matrix occurred almost simultaneously.
Point b in Figure 15b represents the stiffness reduction corresponding to the appearance of
matrix damage; this result is basically consistent with the acoustic emission experimental
results. As the load increased, when the torque reached 9554.38 Nm, the matrix damage
extended inward from the 10th layer to the 1st layer, as shown in Figure 24. The MDI
exhibited a decreasing trend from the outer layer to the inner layer; the damaged area also
gradually became larger from the 1st layer to the outer layer, and the damaged area of the
10th layer was the largest and the most severe, as shown in Figure 25. Point ¢ in Figure 15b
shows the corresponding stiffness reduction after the failure of the matrix of all layers, at
which time the matrix no longer had the ability to carry and transfer force. Thereby, more
load was transferred to the destabilized fibres, which were then carried by these fibres.

18
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Figure 24. MDI of fibres of the [45°];) model under different loads.
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5.2.3. Fibre Damage

When the torque load reached 9554.38 Nm, all layers of the matrix had failed to varying
degrees since they could not match the original material stiffness, and the structure became
laterally destabilized. At this time, the fibres were nearly providing all the load-bearing
capacity; then, the fibres began to fail, and the calculated MDI of the fibres is shown in
Figure 24. A few fibres broke in the 8th, 9th, and 10th layers; the MDI decreased gradually
from the 10th layer to the 8th layer. The load continued to increase, the matrix damage
area gradually became larger, and the fibres quickly lost all support. The fibre strength was
very high, but the fibres lost the role of the matrix transverse support and dispersion of the
force, leading to rapid transverse fracture in the fibres. When the load reached 9601.85 Nm,
all layers of the fibres failed, and the reinforced section between the layers of the matrix
was rapidly sheared off by the matrix in large quantities. Point d in Figure 15b denotes
the stiffness reduction caused by the fibre damage, and the fibre failure zone is at an angle
of 90° to the axial axis of the axial structure model, as shown in Figure 26. This result is
consistent with the macroscopic fracture electron microscopy test results.

When the SiC¢/TC4 composite shaft was subjected to forward /reverse torque, dam-
age occurred first at the outermost layer of the reinforced section composite layer, and
the damage extended from the outside to the inside. All of this damage started at the
interface because of the particularity of the interface strength. SiC fibres and Ti form a
thermodynamically non-equilibrium system. During the process of composite formation
and high-temperature operation, chemical reactions and element diffusion will inevitably
occur between the matrix and fibre, forming a certain thickness of the interfacial reaction
layer. The residual stress is mainly concentrated near the interface between the fibre and
matrix and along the fibre axial and circumferential direction. The fibre is compressed,
and the matrix is under tensile stress. Along the radial direction of the fibre, both the fibre
and the matrix are compressively stressed. This is an important factor in determining the
strength of the interface. The two damage processes have the same point at which they
start from the interface; however, the difference is that, due to the interface being subjected
to different loads, slow damage occurs under reverse loading, while fast damage occurs in
forward loading.
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Figure 26. M = 9601.85 Nm matrix MDI: (a—j):1st layer-10th layer.

6. Conclusions

The progressive damage process and failure mode of the SiC/TC4 composite shaft

under forward/reverse torque were thoroughly investigated using cross-scale models, and
the following conclusions were obtained.

@

@)

®G)

For the [45°]¢ model, when the reverse torque increased, the interface was subjected
to tensile load. The interface first cracked at —6552 Nm; it exhibited a large number
of cracks after expansion to the matrix, resulting in the matrix stiffness reducing,
followed by matrix failure. When the matrix failed, the protection of the fibres was
lost; the fibres became destabilized, and, finally, fibre fracture occurred. Therefore, the
interface failed under a small torque, and the matrix and fibre then failed sequentially,
where interface cracking was the main form of failure. The final failure load was
—11,812 Nm, and the entire damage process was a slow change process.

For the [45°]1p model, as the forward torque increased, the interface was subjected
to compressive load. When the load reached 9108 Nm, the interface failed, instantly
extending transversely to the matrix. Followed by the matrix failure, the failure of the
interface and matrix occurred almost simultaneously, primarily owing to fibre fracture.
The final failure load was 10,418, and the entire damage process was a fast change process.
The composite driving shaft is widely used in aero-engines; under positive torque,
the torque magnitude must be relatively small, as operation is frequent. In contrast,
under reverse torque, the torque magnitude can be considerably larger, as it is only
experienced occasionally.
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