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Modeling of Inter-Layer Gap Formation in Drilling of a Multi-Layered
Material

Jihong Choi and Sangkee Min
Sponsored by CODEF

Abstract— With increases in the use of multi-layered materials in the
aerospace industry to reduce weight while still meeting strength
requirements, the study of inter-layer burr formation in drilling of a multi-
layered material becomes more important. Inter-layer gap formation due to
material bending by drilling thrust force has significant effect on inter-
layer burr formation. A finite element model for inter-layer gap formation
in a multi-layered material was proposed. A gap formation was initiated
by initial difference in elastic bending of layers and developed by plastic
deformation of the first layer.

Keywords:  Gap formation, Finite element method (FEM), Multi-layered
material.

1. Introduction

In manufacturing, a variety of drilling methods are used for hole preparation in aerospace
structures. The typical selection criteria and validation of drilling methods is through
extensive laboratory testing and relies on: i. materials to be drilled, ii. hole quality
requirements, iii. type of fasteners to be installed, iv. requirement of structural life cycle
integrity and safety, v. expected drill hardware longevity, and many others. A major
reason for relying on trial and error procedures is the lack of comprehensive
understanding of drill performance and the interdependencies of cutting tools geometry,
drill hardware, drill parameters, and drill methods. A typical large aircraft requires over
1.3 million holes to be prepared. In industry, over 20% of manufacturing costs are
directly tied to hole preparation and approximately 3 – 10 % of holes are reworked in
production. The drilling process and hardware needs are often pushed toward the final
stages of manufacturing and not considered in the up-front design and process planning
phases. The processes deployed to conform hole quality are often the source of
discrepancies and require extensive rework as well as resources and time to fix
deficiencies. These rework and process fixing activities typically cause a delay in
schedule, cost overrun, and additional capital expenditures. An optimal engineering tool
with process simulation capability will allow engineers to evaluate parameters in the
process planning phase, reducing laboratory time approximately  10 to 20 %, and to
validate processes for production. To a great extent, these same challenges and
opportunities exist in the non-aerospace industry as well [1, 2].



In aircraft manufacturing, a multi-layered material consisting of several layers of
different materials and sealant between the layers is used to obtain the high strength-to-
weight ratio that enables aircrafts to carry more payload and/or fly farther with lower fuel
consumption. Layers of materials are drilled simultaneously, but burr formation and chips
migration between layers may require expensive deburring operations.

2. Inter-layer burr and gap formation

Typical inter-layer burr formation depends on the combination of the upper and the lower
materials, the thickness of the sealant between layers and the cutting process parameters.
In general, as the drill moves, a large exit burr forms at the exit surface of the upper
material and a small entrance burr forms at the entrance surface of the lower material.
Another important factor influencing an inter-layer burr is a gap formation between
layers. If materials are different at each layer, their plastic and elastic behaviors are
different and a discrepancy in deformations of the first and the second layer near the hole
induces a gap formation. Even for the same materials, the thickness of the first layer is
changing during the drilling process and again each layer will have different bending.
The clamping  method and clamping location of the multi-layered workpiece also
influence gap formation. Hence, many parameters such as drilling process parameters,
material combination of layers, drill characteristics, clamping method, location and force,
etc., influence the gap and inter-layer burr formation. Therefore, it requires much effort to
conduct experimental investigation.

A finite element model is an economical way to investigate the gap formation and gives
insight into inter-layer burr formation. Min [3] developed a 3-D finite element model of
drilling burr formation for single-layered material. Based on his model, a finite element
model of gap formation for multi-layered material was developed.

3. 3-D finite element model of gap formation of multi-layered material

3.1. Modeling

A general purpose FEM software package, ABAQUS 6.3, is used to simulate the gap
formation during drilling of a multi-layered material. Two layers of workpieces of the
same material, stainless steel (AISI 304L) are used. For simplicity, the layers directly
contact each other without a sealant. The thickness of each layer is 1.5 mm. Incremental
plasticity based on the von Mises yield surface and associated flow rule are used to model
the plastic behavior of the material. All material properties are assumed to be isotropic.
The strain rate dependency of material properties is modeled using the overstress power
law because material properties, especially yield stress, vary at high strain rate (strain rate
in drilling typically ranges from 103 to 105). Hence, a material’s yield stress, s , is
dependent on work hardening, which for isotropic hardening models is usually
represented by a suitable measure of equivalent plastic strain, ple , the inelastic strain



rate, ple& , temperature, T, and predefined field variables, fi. A conventional 6 mm
diameter drill bit with a point angle of 130 degrees and a helix angle of 40 degree is used
for simulation. The drill bit is assumed to be perfectly rigid. In order to generate a FE
model of the drill, a software that creates a solid model of the drill and a FE mesh is
developed. Feed and speed are 0.5mm/sec and 1200 rpm, respectively. The interaction
between the drill bit surface and workpiece is modeled with contact mechanism with
tangential friction behavior with friction coefficient of 0.3.

Four clamps are located at a distance of 4.24 mm from the center of the drilled hole. For
modeling of the clamping, a fixed boundary condition is used on the external surfaces of
both layers in the area where the clamp contacts the workpiece. Each contact area of the
clamp is assumed to be a circular shape with a diameter of 4 mm. A finite element mesh
of the model is shown in Figure 1.

3.2. Gap formation

Figure 2 shows the process of gap formation. The figures on the right are magnified 10
times in the drill feed direction. When the drill engages the first layer of the workpiece, a
small area around the drill tip experiences plastic deformation and a very small elastic
bending is initiated at the other area of the workpiece. Before the material fails due to the
cutting of the drill, a very small gap is initiated due to the difference of elastic bending of
each layer (t=0.27 second), Figure 2(a). In this stage, no element deletion representing
failure of the material occurs and only elastic bending of the workpiece is observed.

As the drill advances toward the exit surface of the first layer, the small gap between
layers becomes larger. The thickness of the first layer in front of the drill tip decreases as
the drill advances while the second layer maintains constant thickness. When the plastic
deformation in front of the drill tip reaches the exit surface of the workpiece, the
deformed material of the first layer pushes the second layer and the gap size increases
dramatically (t=0.67 second), Figure 2(b). In this stage, transition from cutting to bending
starts and burr formation is initiated [5]. Figure 2(c) and (d) show further development of
the gap formation, the drill advances the gap grows near the edges of the hole and also
expands towards the clamping locations, Figure 2(e).

Clamping
locations

Figure 1.  A finite element meshes of a two-layered workpiece and a drill.



(a) T = 0.27
sec (b) T = 0.67

sec

(c) T = 1.20
sec

(d) T = 2.53
sec

(e) Gap expands toward clamps

Figure 2. FE simulation of gap formation process.
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Figure 3. Displacement of the edge of the hole.



Figure 3 shows the displacement of the node located 3 mm from the center of the hole
(edge of the hole) on the exit surface of the first layer. The displacement of the node
increases linearly up to 0.28 mm until the plastic region reaches the exit surface of the
first layer (about 0.67 second). After this point, the material in front of the drill tip
experiences severe plastic deformation and failure. In the finite element simulation,
failure of material is achieved by element elimination and creates a void in front the drill
tip. Hence, a reverse force is created and the node under observation is moved back. This
causes the oscillation of the displacement in the figure after 0.67 second. The moving
average increases with time because the drill is pushing material toward the second layer.

Before the plastic deformation reaches the exit surface of the first layer, overall bending
of the first and second layers is elastic and results in linear displacements with slight
differences, which cause a very small gap formation as shown in Figure 4. When the
plastic deformation starts at the center of the exit surface of the first layer and expands
toward to the edge of the hole, the largely deformed first layer springs back due to
yielding near edge of the hole while the elastically deformed second layer is supported by
the center of the drilling position of the first layer, causing a large gap formation. As the
drill advances, the gap grows as shown in Figure 4.

4. Summary

Inter-layer gap formation in drilling of a multi-layered workpiece plays an important role
in inter-layer burr formation. A good understanding of inter-layer gap formation is
required for aerospace applications. Hence, a finite element model for inter-layer gap
formation in drilling of multi-layered material was developed. From FE analysis, the gap
formation mechanism was proposed. A gap initially formed due to the discrepancy in
elastic bending of layers. It slightly grew until the plastic region in front of the drill tip
reached the exit surface of the first layer. As the plastic deformation expanded to the edge
of the hole, while the second layer was supported by the center of the first layer, the gap
size increases dramatically.

0

10

20

30

40

50

60

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2

Time (sec)

g
ap

 (
m

ic
ro

n
)

Plastic deformation
of the exit surface
of the first layer

Figure 4. Gap variation.



More experimental verification is required to take full benefits of this FE model. This
study intends to initiate more research on this area, along with further development of the
FE model.
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