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Microstructural damage analysis
during drilling in composite
laminate with and without smart
magneto-elastomer backup
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CFRP is the most popular composite material due to its excellent mechanical properties. Most practical
applications of CFRP in various industries require routine machining operations, such as drilling.
Delamination of composites during drilling is a critical issue in high-end applications, caused by the
thrust force generated throughout the drilling process. In this article, a magnetorheological elastomer
(MRE)-based isolator is utilized during the drilling of CFRP to minimize the effects of thrust force.

This study considers the impact of fiber orientation; thus, CFRP with unidirectional and bidirectional
composites is employed for the drilling operation. An MRE-based isolator can equally reduce the thrust
force in both uni-directional and bi-directional CFRP by the same percentage. An empirical model

has been developed to explain the variation of thrust force concerning the last five layers of CFRP.

The results demonstrate the influence of fiber orientation on magnetic-field induced thrust force.
Nonetheless, a significant focus of this work is to elucidate the effect of thrust force reduction through
microstructural evaluation of the drilled hole using a scanning electron microscope. Microstructural
observations correlate with the analytical findings based on the empirical model. This study includes a
layer-wise analysis of the effect of thrust force on drilled hole quality for both types of CFRP.
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Abbreviations

a Half of the delamination size along with fiber orientation
a’ Elastic coefficient

dA Change in the area of delamination.
B Magnetic flux density

b Magnetic field-induced coefficient
C Compliance factor

h Thickness of uncut laminate

H Total thickness of the laminate

D Diameter of drill bit

D; Bending stiffness matrix components
P Total force

PC Critical thrust force (CTF)

P, Elastic-field induced thrust force
Py Magnetic-field induced thrust force
Gc Energy release rate

k Strain energy factor

m Power exponent for magnetic field
n Power exponent for stress

t Thickness of the laminate

ty Bottom layer thickness
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du Infinitesimal strain energy
T Stress

3 Ellipticity ratio

a Contributing factor

9 Poisson’s ratio

HSS  High-speed steel

Composite materials’ outstanding mechanical strength compared to metal alloys have made them a superior
candidate in various industries. Their significant impact is evident in the airframe, where nearly 50% of its
weight is comprised of composite materials. Carbon fibre-reinforced plastic (CFRP) is the most used composite
material due to its high load-bearing capacity and low weight-to-strength ratio compared to most metallic and
non-metallic materials2. CFRP weighs only 40% as much as to aluminium®. CFRP laminate needs two types of
machining processes, primary and secondary, to meet the functional requirements of aviation applications®®.
CFRP laminates are fabricated from raw material to the near net shape using various primary processes such
as hand layup, autoclave molding, vacuum-assisted resin transfer molding, etc®. After that; various secondary
processes are performed, like drilling, turning, and milling, to obtain the surface quality and close dimensional
tolerance for the assembly of the complex parts’.

Drilling is considered the most suitable secondary machining process due to its advantages, with over 40% of
machining time is allocated for drilling a medium-sized aircraft®. The need for structural joints mainly stresses
drilling operations, which creates a serious threat of defects during the entry and exit of drill bits’. The defects
at both entry and exit lower the bearing strength, thus requiring additional manufacturing processes to increase
service life under fatigue loads!’. In addition, due to the inhomogeneous and anisotropic characteristics of the
material, drilling-induced damages lead to nearly 60% part rejection!!. The number of defects primarily depends
on the thrust force applied during the drilling process, as well as other factors such as drill geometry, materials,
and feed rate!?1°. Therefore, reducing the thrust force significantly reduces drilling-induced damage®!%20.

Various researchers have made substantial efforts in tool optimisation and drilling conditions to suppress
the thrust force?!. Advanced drilling conditions include cryogenic cooling, pilot hole, passive spring-damper
mechanism, and support plate mechanism?. In cryogenic cooling, various studies concluded that liquid nitrogen
can increase the thrust force. Still, at the same time, surface roughness and hole quality are significantly improved
compared to dry drilling conditions. Meanwhile, Mingzheng Liu et al. concluded that cryogenic cooling with
minimal lubrication can significantly reduce the thrust force and drilling temperature?2. However, this method
relies on cryogenic cooling equipment such as low-temperature refrigerators or portable air-cooled guns.

Recently Wang et al. proposed three different arrangements of pilot holes for high-speed drilling of thin
CFRP2. 1t was noticed that the thrust force can be reduced up to 55% when a 1 mm pilot hole is drilled. Despite
this advantage, the pilot hole approach faces challenges with alignment issues and the time required to prepare
the drilling specimen. The support plate mechanism?* is a practical and widely used technique to enhance hole
quality in CFRP. Many researchers have worked on various backup support mechanisms, including active backup,
passive backup, stack backup and fabricated backup®®, over the past few years. Dogrusadik et al. performed
micro-drilling experiments using phenolic and wooden plates as stacks?. It is observed that the wooden plate
reduced the thrust force because of the softness of the stack. Shyha et al. prepared a CFRP laminate with a glass
scrim and nylon peel ply on the front and back surfaces”. It observed a similar pattern in thrust force behaviour,
but superior hole quality was observed due to the nylon-fabricated backup. The passive backup’s thrust force is
significantly increased compared to the conventional experiment. Meanwhile, the surface of the drill quality is
severely damaged due to the sudden impact of the thrust force on the microstructure of a laminate. In a recent
study, Wang et al. proposed a passive backup support using the mechanical spring-damper mechanism to reduce
thrust force during drilling in CFRP laminate?8. The drilling experiments were performed on a 16-layered CFRP
laminate using a 5 mm solid carbide twist drill with and without mechanical spring-damper support. Under
spring-damper support, resulting in a 25% reduction in thrust force.

For the active backup support, John et al. introduced active spring restoring backup force using solid springs
during drilling in CFRP laminate under variable feed rate (100-300 mm/min) and cutting speed (2000-4000
rpm)%. The experiment results revealed that active backup support increases the magnitude of thrust force due to
the reaction force from the solid spring material. On the contrary, the exit layer deformation rate is considerably
reduced irrespective of the advancement in the thrust force. Tsao et al.*’. performed experiments to study the
effect of active backup on CFRP laminates using a tubular solenoid electromagnet. The observation suggests
that the thrust force with active backup is significantly elevated compared to those without backup conditions,
and the exit layer deformation rate is reduced by up to 80% using active backup support. Later, Hochang et al.>!.
proposed inexpensive magnetic colloid material as an active backup support in the tube underneath the drilling
specimen. The experimental results revealed that thrust force increased; however, drilling-induced damage was
reduced marginally in the last couple of layers of the CFRP laminate.

Various researchers have designed and developed MRE-based isolators to absorb vibration®?33, A few have
developed active or semi-active squeeze, compression, and mixed-mode MRE-based isolators for multiple
applications®***°. Recently Wang et al.**developed MRE-based isolator for absorbing thrust forces in airborne
applications and validated its performance through mathematical modelling. MRE-based isolators work as
vibration isolators and absorb the thrust force. Most of the research primarily focused on structural vibration
isolation. However, the application in reducing the thrust force and delamination in drilling applications is not
being studied. Thus, the present investigation will be an added advantage of MRE-based devices in drilling
applications.

Recently, our group has proposed a unique solution for reducing drilling-induced damage at both the entry
and exit levels, using smart magnetorheological elastomer (MRE) as an active backup in one-directional CFRP
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Fig. 1. Types of carbon fibre laminate used in the present study: (a) Unidirectional carbon fibre (CTC1-
FUDI160), (b) Bidirectional carbon fibre (CTC1-FBD400).

Parameters CTC1-FUD160 | CTCI-FBD400
Thickness of fibre (mm) | 0.16+0.03 0.42+0.03
Tensile strength (MPa) | 3.53 49

Tensile modulus (GPa) | 230 240

Wave style Unidirectional | Bidirectional
Density (g/cc) 1.8 1.8

Table 1. Basic Raw materials properties used to prepare CFRP.

composite®. In the study, it was observed that introducing MRE as an active backup reduces the thrust force
and drilling damage. The reduction in thrust force is 30%, while damages at the exit level (delamination) are
40%. The novelty of the present work lies in understanding the microstructural damage propagation within the
composite layers under the MRE as an active backup. In particular, a focus is on the last few layers of the exit side,
where maximum defects are expected due to increased thrust force. The microstructural damage propagation
within the structure is reported using the scanning electron microscope (SEM) images. To better understand
the influence of MRE on damage propagation, we have considered unidirectional and bidirectional composite
materials for the analysis. The results show that using MRE as an active backup reduces the thrust force and
delamination but hinders the damage propagation up to the last layer of composite materials.

Materials and methods

Fabrication of CFRP

In the present study, two identical CFRP composites were considered: unidirectional CFRP and bidirectional
CFRP, as shown in Fig. 1. The raw materials used to prepare the composite and their parameters are listed in
Table 1. Using the positive compaction method, the CFRP laminate was made using a 14-layer unidirectional
carbon fibre (CTC1-FUD160) and composite-grade liquid epoxy resin (CT/E 556). The area density of
unidirectional carbon fabric (CTC1-FUD160) is 165+15 g/m? The unidirectional CFRP lamina contains
carbon fibre in the wrap direction and EC9 non-alkali glass fibre yarn in the weft direction to provide the overall
structural integrity. A detailed schematic diagram of the preparation method is shown in Fig. 2(a). For the
positive compaction method, curing was carried out at 800C temperature with 25 bar pressure for an hour and
then rested at room temperature. The volume fraction was maintained at 0.59, and the unidirectional laminate
() thickness was 2.99 +0.2 mm.

On the other side, a bidirectional CFRP laminate was fabricated using a 12-layer bidirectional carbon fibre
(CTC1-FBD400) and composite grade liquid epoxy resin (CT/E 556) using the vacuum-assisted resin transfer
moulding (VARTM) method (Fig. 2(b)). The area density of bidirectional carbon fabric (CTC1-FBD400) is
400+ 15 g/m? The bidirectional CFRP lamina contains carbon fibre in the warp and weft directions, resulting
in higher structural strength than unidirectional CFRP. For the VARTM method, vacuum gauge pressure
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Fig. 2. (a) The Hand lay-up method with positive compaction technique and (b) vacuum-assisted resin
transfer moulding method used for CFRP preparations.
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Fig. 3. SEM images of (a) Unidirectional CFRP and (2) Bidirectional CFRP. The bottom images are higher

resolution views.

was maintained at —80 kPa and followed by curing was done at room temperature. The volume fraction was
maintained at 0.61, and the thickness of bidirectional laminate (f) was 5.00+0.1 mm. Figure 3 presents an
SEM image of a cut section of both laminates, which illustrates the microstructure of both unidirectional and
bidirectional CFRP laminates. Then, the required specimens from both large CFRP laminates were cut to a size
of 25 mm x 90 mm on CNC milling machining using a 6 mm HSS drill bit for further analysis.

Fabrication of isotropic MRE

Along with this, an isotropic magnetorheological elastomer (MRE) was fabricated using irregularly shaped
electrolyte iron particles (EIP) (Industrial Metal Powders, Pune, India) and liquid silicon rubber (SR) RTV-1010

Scientific Reports|  (2025) 15:24530

| https://doi.org/10.1038/s41598-025-10568-z

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Silicon
Rubber

(Aditya Silicone, Delhi, India) (60/40%w/w). The fabrication process involved three main steps. First; the SR and
EIP were mixed in a cylindrical plexiglass beaker in a proper proposition, and using a motorised mechanical
stirrer at a constant speed of 250 rpm for 5 min under room temperature and then to accelerate the curing
process, isocyanate compound catalyst was added in required proportion and then stir the mixture at a constant
speed of 250 rpm for 5 min. Then, the mixture was degassed by placing the beaker in a vacuum chamber for
5 min. Finally, the mixture was poured into a 3D-printed plastic mould and left at room temperature without the
application of a magnetic field for curing, as illustrated in Fig. 4. After the curing, a random MRE was cut from
the mould using a coin master pipe cutter with a manganese blade to obtain the exact dimension of ¢ 25 mm.
The dispersion of magnetic particles in the MREs was investigated using a scanning electron microscope (JEOL-
JSM6010LA). Microstructure images are illustrated in the inset of Fig. 4. The white points indicate the presence
of EIPs, while the black background shows the SR matrix. The particles are isotopically distributed in the matrix.

Rheological properties of isotropic MRE

For active backup support, the storage modulus of an innovative material is crucial, as it is directly related to
the energy absorption rate. Various rheological properties were studied for the developed isotropic MRE using
a rheometer. Figure 5(a) shows the rotational rheometer, Physica MCR 301 (Anton Paar, Graz, Austria), used to
measure MRE’s visco-elastic properties. A magneto-cell (Physica MRD 180/1T) was attached to the rheometer
for magnetorheological measurements. The coil current varied from 0 A to 4 A, and the corresponding magnetic
field intensity was recorded. The variation is linear in this range; magnetic field intensity varying from 0.016
mT to 640 mT. All the data were recorded at 300 K. The sample thickness was 1.02+0.02 mm. A parallel plate
geometry (PP20) with a diameter of 20 mm and a gap of 1 mm was used. The magnetic field was applied normally
to the sample.

Figure 5(b) shows the variation of storage and loss modulus with strain at different magnetic field intensities.
The magneto-field-induced changes in storage modulus are visible in Fig. 5(b). The graph shows that in the
presence of an electromagnetic field, the iron particles are aligned in the direction of the field, ultimately
improving storage modulus. A higher storage modulus means a higher capacity to absorb thrust force. Similarly,
the loss factor indicates the viscous dissipation of the material. An increase in the loss modulus with the field
suggests that the viscous energy has increased. This increase may be due to the higher friction between the
particles because of the shape. However, the loss factor remains constant till the linear viscoelastic region (1%
strain) is reached; thereafter, the loss factor increases.

Drilling experiment setup and drilling conditions

Drilling experiments were performed on a high-precision computer numerical control (CNC) operated drilling
machine (JYOTI, PX10). Earlier research® considered a three-level L27 orthogonal array with three process
parameters: point angle, feed, and cutting speed for drilling operations on CFRP laminate to optimise the
drilling conditions. The influence of the various process parameters on thrust force was studied using statistical
analysis and rigorous experimental methods. The optimised process parameters were 900 point angle, 0.07 mm/
rev feed rate and 7500 rpm cutting speed. These optimised parameters were used in the present study. All tests
were conducted under dry conditions at a fixed spindle speed of 7500 rpm and feed rate of 0.07 mm/revolution,
using a 4.0 mm diameter standard HSS drill tool under atmospheric temperature and pressure. Meanwhile,
the rheological properties of MRE can be tuned using a direct current (DC) supply, which is achieved using a
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Fig. 4. Procedural layout of the fabrication of an isotropic MRE.
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Fig. 5. (a) Anton-Paar Rheometer and zoom part of the sample stage used in the present research. (b)
Variations of storage modulus (@, A), loss modulus (O, A) and loss factor (#, +) versus strain at two different
current values recorded at 300 K. Loss factor is the right side vertical axis.
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Fig. 6. (a) The cross-section view of the designed MRE mount, (b) Schematic view of experimental setup with
details. (1) Chuck, (2) Spindle, (3) Drill bit, (4) Locating plate, (5) CFRP specimen (6), Isotropic MRE (7),
Specially designed fixture (8), 4-component dynamometer (9), Mounting bed, and (c) actual set up image.

regulated DC power supply (Range: 0-32 V and 0-5 A). The thrust force was measured using a Kistler-9272
4-component piezoelectric dynamometer, and the N19221 analogue input module used to convert dynamometer
signals into digital form. The real-time thrust force was measured at every 0.05-second interval, and the variation
in the values was plotted as a waveform. The experimental setup is illustrated in Fig. 6. Figure 6(b) illustrating the
schematic diagram of an experimental setup.

A specially designed fixture®’is shown in cross-section in Fig. 6(a), and the actual image is shown in Fig. 6(c).
It was firmly mounted on a dynamometer to transmit the load to the piezoelectric transducer, which was then
used for real-time measurement. The fixture contained a magnetic coil made of insulated 26 SWG wire, used
to tune the rheological properties of MRE. Once the workpiece is mounted on top of the fixture, the DC supply
is regulated as per the test condition, and the electrical supply is turned off when drilling is completed. During
drilling operations, tuned MRE provides active backup. All drilling experiments were performed under three
different test conditions, as described in Table 2.

Each experiment was repeated three times under the same conditions to verify the reproducibility, and
the average value was used for analysis. The thrust force curves are smoothed using the Savitzky-Golay filter
approach to reduce noise in the signal. Figure 7 presents a typical thrust force curve recorded three times and the
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120

Thrust force (N)

Process Parameters
Point Angle | Feed rate | Cutting Speed
Exp. No. | (Degree) (mm/rev) | (rpm) Special Condition
1 90 0.07 7500 Default setup
2 90 0.07 7500 MRE (B=0T)
3 90 0.07 7500 MRE (B=0.48 T)

Table 2. Process parameters for machining conditions.

(o]
o

H
o

0.5 1 1.5 2 2.5 3 3.9
Thickness (mm)

Fig. 7. Typical thrust force versus thickness curve for CFRP with MRE active back-up to confirm the
reproducibility.

average curve. The figure clearly indicates a high level of result reproducibility. The same procedure was adopted
for all the measurements reported here at every condition listed in Table 2.

Mechanism to understand the thrust force reduction by active MRE backup

Basic model for thrust force reduction

Thrust force is generated due to the drilling tool’s axial action and the downward spiral movement, which
induces material delamination®!%*. The thrust force acting through the drill bit can be predicted numerically
using three theories: linear elastic fracture mechanics (LEFM)*%**!classical plate theory (CPT)*?and engineering
mechanics of composite materials*»*4. Each theory influences the total downward force. A theoretical analysis
for critical thrust force proposed by Ho-chang®written as Eq. (1).

3
Po=nm % — 132G M (1)

Here, P_. represents CTE G, represents strain energy release rate, E and v represent Young modulus and
Poissons ratio of the materials, respectively. M is the flexural rigidity of the reinforced composite material, and
h is the thickness of uncut laminae beneath the tool. During delamination propagation, the drill movement of
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distance (dx) is associated with the work done by the thrust force (P.) on the workpiece, which deflects the plate
and propagates the inter-laminar crack. The energy balance gives,

PedX = GiecdA + dU (2)

In this context, dA is the change in crack propagation area, and dUis the infinitesimal strain energy of the defined
limit. Recently, Patel et al.*, proposed a mathematical model to predict thrust force in a unidirectional CFRP
composite. According to this model, total load exerted ( Pc) is the sum of the point load (F,) exerted by the drill
tip and the chisel load (F,). The thrust force can be calculated numerically for an elliptic shape delamination.
Meanwhile, the uniformly distributed load acts through chisel edges during drilling. According to this model,
the effect of the extensional stiffness matrix and coupling stiffness matrix components is zero for unidirectional
composite specimens due to the laminate’s symmetry, and thus the effect of the fibre cutting angle (FCA) is
neglected. However, the bending stiffness matrix (a 3x3 matrix defines the numerical value of the stiffness
components), two elements, D16 and D26, are generally zero as all laminates are placed at 0 degrees. Using this
model, the expression for strain energy can be found by solving the above equation with a limit of integration:

Pca?
U= . - )
I [Du + =5~ (D12 + 2Des) + D22§ ]
F?a?¢
2, 2 2, 2 2 2
U=Fika +F2k:a:[o¢ +(1_a)]97rD* 4
Pc:F1+F2:aF+(1—a)F (5)
Similarly, by integrating the displacement term dx,
2 2 203 2 2 2 FPa’¢
X =F"Csa" + F, 5 :[3a Jr(lia)]lSwD* (6)
Finally, substituting Egs. (5) and (6) into Eq. (2) gives an expression as follows:
P = 3r  [2Gic (Du + 2 (D12 +2Dsg6) £ ? + Daok 4) )
3 20 — 1
The simpler version of this equation is;
3r  [2G1cD*
p._ 3T ()
TV 2a -1

Where, D* = D11 + % (D12 + 2D66) f 2 + D22€ 4
Numerical calculations were performed for the default set-up (i.e., without MRE backup) by substituting the
parameter values.

Model incorporating active MRE backup
Figure 8 shows the schematic diagram used to explain the mechanism of active backup. The active backup
provided at the bottom of the plate helps absorb the thrust force, which varies with the magnetic field. It is
known that in a zero magnetic field, the MRE behaves as an elastic material. Therefore, the damping property
of the elastomer will play a role in absorbing the thrust force. The elastic property of MRE was studied using a
rheometer, and the stress value at different strains was measured.

The stress saturates at a strain above 1%, and the value thus obtained was 1876 N. In Eq. (1), the elastic
constant varies as a power of %. Considering the similar variation, one more term is added in Eq. (8) to account
for the effective elastic contribution (Pp), and the total thrust force (P) is expressed as;

P=Pc+PE:P0+CL/Tn (9)

Here, @ and n are variables. However, as mentioned earlier, the power # is taken as %. Using Eq. (9), the value of
a for the thrust force with MRE backup was obtained.

Under the influence of a magnetic field, MRE exhibits magnetic field-induced changes in its elastic stress. It
has been reported that the variation of stress with a magnetic field is nonlinear and generally obeys a power law
with a power of 3/2%7. The influence of magnetic-field-induced stress suppresses the thrust force, thus reducing
the crack propagation till the last layer. Hence, Eq. (9) is extended by incorporating magnetic-field induced
thrust force (P,,) and rewritten as,

P(B)=Pc+Pg+Pu=Pc+a7"+bB™ (10)

The power m is considered to be 3/2.
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Fig. 8. A schematic diagram is used to explain the basic mechanism and model.
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Fig. 9. (a) Variation of thrust force with thickness of layer and (b) variation of thrust force values derived
from bottom layer thickness, t;, (i.e. region III) for default and MRE at different fields. The filled symbols are
experimental, and the open symbols are calculated values using the Eq. (10).

Results and discussion

Thrust force variation for unidirectional composite

The thrust force variation for unidirectional CFRP was studied both with and without active back-up force.
Figure 9(a) shows the behaviour of thrust force and the thickness of the laminate (in the drilling direction) during
the drilling operation for a unidirectional laminate. Three regions were defined: Region 1, which indicates the
portion of the drilling operation where the drill tool enters the workpiece. In this region, for all conditions, the
rate of increment of thrust force is nearly linear for the initial drilling operation, irrespective of the slope value.
After that, in Region 2, the internal layers’ penetration of the drilling tool, the thrust force varies in a particular
range. Lastly, in Region 3, the thrust force decreases when the drill reaches the last lamina.

Figure 9(a) shows that the thrust force value fluctuates between 150 N and 215 N for the default setup and
is reduced to 80 N to 100 N for MRE with 3 A drilling conditions. The thrust force values were obtained from
Fig. 9(a) for the default set-up and MRE at different magnetic fields for the last five layers (region III). The
variation of thrust force with bottom layer thickness and magnetic fields is shown in Fig. 9(b). Maximum thrust

Scientific Reports|  (2025) 15:24530 | https://doi.org/10.1038/s41598-025-10568-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

-
»n

Delamination factor
N

force values were reduced by 22.5% from 218.11 N under the influence of MRE without a magnetic field in
unidirectional CFRP (Fig. 9(a)). This reveals that MRE behaves like an elastic material and can absorb the thrust
force during this condition. Meanwhile, increasing magnetic field intensity (0.48 T) for the same composite
material reduced the maximum thrust force value by 30% from 169.27 N to 118.59 N. The reduction in thrust
force is because of the tunable damping characteristic of an innovative material. Compared to the default
condition, the maximum thrust force is reduced by 45% using smart magneto-elastomer backup at a 0.48 T
magnetic field.

Equation (10) was used to simulate the values for the default set-up to explain the variation of thrust force
with laminate thickness. The open symbol (O) in Fig. 9(b) represents the simulated values. The simulated results
agree well with experimental values. To obtain the fit parameters for the field-induced changes in thrust force,
initially, with MRE active back-up, at B=0 T, was calculated using Eq. (10), to obtain the coefficient a. The open
symbol ([]) in Fig. 9(b) fits the Eq. (10). Once the values of the first two terms were obtained, the field-induced
changes in the thrust force were calculated using Eq. (10) for different magnetic field values. The obtained values
are shown in Fig. 9(b) as open symbols. The agreement between the experimental and calculated values supports
the concept of magnetic-field-induced reduction of thrust force when MRE is used as active back-up.

The observed reduction in thrust force is also reflected in the delamination factor. To measure the delamination
factor and to quantify the delamination damage due to thrust force, a 3D microscopy is used due to its simplicity.
Digital images of the drilled holes were captured using a 3D microscope (Mitutoyo, QS-L2010ZB), and these
images were then converted into binary format using ImageJ (version 1.53), open-licensed software (available
at https://imagej.net/ij/)*¢. The two-dimensional push-out delamination factor is calculated using MATLAB
code. Figure 10 shows a comparative study for push-out delamination for unidirectional CFRP laminate for all
machining conditions (inset: original images for push-out delamination). Some uncut fibres visible in the digital
images are associated with peel-up delamination. It is clear from Fig. 10 that the delamination factor is reduced
with active MRE backup at 0 T and 0.48 T magnetic fields compared to the default setup.

Thrust force variation for bidirectional composite

It is observed that bidirectional laminate needs more thrust force to drill than unidirectional laminates
(Fig. 11(a)) because fibres are oriented multi-directionally, which can resist the load coming from various
directions*. However, thrust force variation follows a similar pattern to that of unidirectional CFRP, under the
same drilling conditions, irrespective of the force value. A similar pattern is also observed in Fig. 11(a), where
the thrust force, for the default setup, varies between 180 N and 300 N, and at 0.48 T, it varies between 75 N and
160 N. In the case of bidirectional, the slope of Region 1 changes with MRE and in-field (with current), and it
differs in rate of change compared to unidirectional MRE. However, the percentage change in thrust force with
MRE remains nearly identical, indicating that the backup force is the same in both cases.

Default setup MRE (B=0T) MRE (B=0.48T)

Fig. 10. The variation of the delamination factor with different experimental conditions. The inset in each bar
shows the optical image of the delamination.
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Fig. 11. Variation of thrust force with thickness of layer in bidirectional CFRP (a) and (b) variation of thrust
force values derived from bottom layer thickness, tp (i.e. region III) for default and MRE at different fields. The
filled symbols are experimental, and the open symbols are calculated values using the Eq. (10).

Similarly, Fig. 11(b) compares the maximum thrust force for bidirectional CFRP under various test conditions.
For bidirectional CFRP laminate, maximum thrust force values were reduced by 20% when MRE was used.
Compared to the previous scenario, 2.5% less thrust force was observed, possibly because of the higher cross-
linking of carbon fibre in the bidirectional laminate. At 0.48 T magnetic field, the maximum thrust force value
was reduced by 28% compared to the zero magnetic field value. The reduction in thrust force also advocates
the tunable damping characteristic of a smart magneto-elastomer. Overall, 43% of the thrust force is absorbed
by MRE under a magnetic field. It shows that the smart magneto-elastomer backup eliminates vibration and
gradually absorbs the energy of the thrust force.

The experimental values of thrust force variation with magnetic field at each bottom layer thickness were
compared to Eq. (10) and are shown in Fig. 11(b) as open symbols. The relation holds even for bidirectional
CFRP with MRE as active backup.

Fit parameters variations between Uni and bi-directional CFRP

The percentage change in thrust force under MRE as an active backup for Uni and bi-directional CFRP remains
nearly the same, as evident from Figs. 10 and 11. However, the variations in magnetically induced force
parameters are different in both CFRPS. The figure compares the uni- and bi-directional CFRP fit parameter
variation with bottom layer thickness. It is to be noted that both the CFRP have different thicknesses, but the
experimental conditions are the same.

It is apparent from Fig. 12 that the fit parameter " varies with bottom layer thickness, which is primarily a
contribution of the elastic force on the CFRP with MRE as an active backup force. In calculating the second term
in Eq. (10), the stress value was taken as 1.8 kN (which was kept the same for Uni and bi-directional CFRP) and
the exponent as n=0.5. However, the parameter a was varied to get best fit. In both cases, the a’ decreases as the
drill approaches the last bottom layer. The CFRPS differs in the thickness of each layer because of the number
of layers. The bidirectional CFRP has a higher Young’s modulus than the unidirectional, as a result, the elastic
component of MRE influence will be different, and the same is exhibited in the value of a (Fig. 12).

In contrast, the variation of the b parameter (magnetic field-induced thrust force coefficient) behaves
differently (Fig. 12- Inset). The field-induced values exhibit a maxima behaviour in bidirectional while in
unidirectional it shows saturating and falling rapidly when the last laminate layers are approached. The magnitude
of the b value is nearly half. Figure 13 compares the magnetic-field induced variation coefficient with the bottom
layer thickness. It seems that almost half the thickness, the fit parameter value is maximum and decreases rapidly
thereafter. At present, it isn’t easy to understand the nature. However, it can be argued that because the other
operational conditions are the same (like thickness of MRE, field values), the field-induced effect may be subject
to layer thickness. It may not influence region II (refer to Figs. 9 and 11). A detailed study is needed for better
understanding. In conclusion, the active MRE backup reduces the thrust force even if CFRP is unidirectional or
bidirectional by a similar percentage. To better understand this behaviour, microscopic analysis was performed
on both CFRP. The following section describes the microstructure analysis of the MRE.

Microstructure damage analysis of MREs during drilling
Scanning electron microscope (SEM) experiments were performed on the unidirectional and bidirectional
CFRP laminate samples to understand the micro-level drilled quality and region-wise damage of the drilled
hole. A cross-section of the drilled hole samples was examined using SEM for the experiments.

Figure 14 compares the SEM images of unidirectional CFRP under default set-up (WO) and MRE with
0.0 T along with binary images of peel-up and push-out delamination. The yellow marking and percentage
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Fig. 13. Variation of magnetic-induced coefficient with bottom layer thickness for Uni and bi-directional
CFRP.

distribution show both cases’ micro-level damages during the drilling hole. Under the default setup, layer
separation is visible due to the sudden impact of thrust force (relates to region 1 in Fig. 9(a) and continues
throughout the vertical length. The effect also creates lateral damage. The percentage width can be correlated
to areas in Fig. 9(a). The middle region indicates the reduction in inter-layer damage when MRE is used and
manifests the decrease in thrust force. However, there is evidence of fibre debonding in region 3, which can affect
the overall microstructure of a drilled hole. Thus, using MRE, the inter-layer damages can be controlled, which
relates to the absorption of thrust force as MRE behaves as an elastic material. The material loss is visible in both
images (Fig. 14).

To draw a firm conclusion about the microstructure observation using an active-backup support, the SEM
image of the hole drilled using MRE with 0.48 T is compared with the 0.0 T condition (Fig. 15). The layers of the
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Fig. 14. Crossectional SEM image of the drilled hole of unidirectional CFRP. (WO: default setup, MRE with
0 A (B=0.0 T). R1, R2 and R3 correspond to regions defined in Fig. 9(a).

lamina (almost 61% of the total structure) are under the active backup, which advocates the effect of reducing
thrust force during drilling when a 0.48 T current is applied to MRE. It was also observed that strong fibre
bonding is sustained, resulting in a lower loss in the matrix material and lower lateral damage compared to MRE
with the 0.0 T condition. An important aspect to mention is that the last lamina layers are in contact when the
magnetic field is applied (Fig. 15). No lateral or vertical damage occurred as the drill tools left the material. Thus,
it strongly indicates reduced damage during exit (delamination). Therefore, using MRE as an active backup can
reduce CFRP’s thrust force and microstructural damage.

Figure 16 compares the SEM images of bidirectional CFRP under the default setup and MRE with 0 A.
Significant fiber loss (R1) is observed in the default setup compared to drilling with MRE at 0.0 T. Due to the
reduction in thrust force, as MRE behaves like an elastic material, fiber debonding is less severe compared to
the default setup. The reduction in thrust force also leads to lower vertical damage (R2), but due to thrust force
transmissibility, the effect of lateral damage cannot be entirely suppressed (R2). It is evident from Fig. 11 that the
elastic properties of MRE influence thrust force as well as lateral damage at entry and exit levels. The decrease in
thrust force helps to maintain the microstructure intake within MRE. The percentage increase in R2 correlates
with the elastic properties of MRE.

The influence of the magnetic field on the microstructure damage in bidirectional CFRP during drilling
is shown in Fig. 17. An SEM image of the drilling hole using MRE with 3 A reveals a similar observation
to unidirectional CFRP drilling using MRE with 0.48 T (Fig. 17). Unlike drilling MRE with 0.0 T, no layer
separation was found when 0.48 T current was applied. Layer stacking refers to the intake at the entry level
(R1) and exit level (R3). The microstructure is saved compared to the 0.0 T case (R2). There is a significant
enhancement in the R2 region when a 0.48 T magnetic field is applied. Thus, the active backup force reduces
the lower layer debonding and the lack of evidence of lateral damage results in lower drilling-induced damage.
The higher percentage of R2 region enhancement compared to unidirectional CFRP relates to higher cross-link
bonding in bidirectional CFRP. However, it must be noted that the change in slope in Region 1 and Region 3 is
different for both CFRP when thrust force measurements were carried out.

Conclusion

This work uses unidirectional and bidirectional CFRP to study the delamination effect caused by thrust
force during drilling. MRE is developed using EIP-based iron particles to reduce the impact of delamination
by suppressing the thrust force. Thrust force is measured using a piezoelectric dynamometer. Thrust force is
reduced for both types of composite when the MRE-based active backup isolator was tested in both passive
(without current) and active mode (at 0.48 T current), compared to MRE. However, maximum reduction of
thrust force was observed using MRE with 0.48 T.
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R2 | 61%

Fig. 15. Crossectional SEM image of the drilled hole of unidirectional CFRP with MRE as active back-up at
magnetic field of 0.0 T (0 A) and 0.48 T (3 A). R1, R2 and R3 correspond to regions in Fig. 9(a).

A mechanism with an empirical relation was developed to explain the observed variation in thrust force with
the magnetic field in the last five layers. The relation incorporates the elastic and magnetic field contributions
of MRE. The results indicate that as the magnetic field increases, the field-induced thrust force is nearly twice
as high for unidirectional CFRP compared to bi-directional. However, the influence of the field-induced thrust
force begins at half the thickness of the CFRP. A detailed investigation is needed to understand the observed
effect.

SEM analysis is conducted to understand the effect of thrust force on layer-wise damage in both unidirectional
and bidirectional composites. From the SEM images of both types of composites, it is evident that with the applied
magnetic field, MRE serves as backup support, absorbs thrust during the drilling operation, and minimizes layer
damage compared to cases without MRE. For MRE at 0.48 T, separate layers of laminates are visible in the SEM
analysis for both cases. However, compared to the case without MRE, MRE at 0.0 T exhibits less damage to the
fiber and matrix in both instances. Nevertheless, the increased cross-link bonding between the fiber and the
matrix in the bidirectional composite mitigates the damage caused by the drilling process. Additionally, the
R2 region in the SEM image of the bidirectional composite shows more damage than that in the unidirectional
composite, which supports these claims.

The observed analysis necessitates a detailed study on how the thickness of the unidirectional CFRP
contributes to the reduction of magnetic-field-induced thrust force and the applicability of the empirical relation
to the entire thickness. The study will help apply drilling holes in fibre composites.
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Fig. 16. Crossectional SEM image of the drilled hole of bidirectional CFRP with MRE. At 0.0 T (0 A). R1, R2
and R3 correspond to regions in Fig. 11(a).
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R2 | 78%
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Fig. 17. Crossectional SEM image of the drilled hole of bidirectional CFRP. (MRE at 0.0 T (0 A) and 0.48 T
(3 A). R1, R2 and R3 correspond to regions in Fig. 11(a).
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