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Abstract

The chip formation mechanism in orthogonal machining of unidirectional glass fiber reinforced polymer (UD-GFRP) composites is
simulated using quasi-static analysis. Dynamic explicit finite element method with mass scaling is used for analysis to speed up the solu-
tion. A two-dimensional, two-phase micromechanical model with elastic fiber, elasto-plastic matrix and a cohesive zone is used to sim-
ulate the debonding interface between the fiber and the matrix. The elements of the fiber are failed once the maximum principal stress
reaches the tensile strength and the matrix elastic modulus is degraded once the ultimate strength is reached. The effect of fiber orien-
tation, tool parameters and operating conditions on fiber and matrix failure and chip size is also investigated. The degradation of the
matrix adjacent to the fiber occurs first, followed by failure of the fiber at its rear side. The extent of sub-surface damage due to matrix
cracking and interfacial debonding is also determined.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The chip formation mechanism in orthogonal machin-
ing of unidirectional glass fiber reinforced polymer (UD-
GFRP) composites is very different from conventional
metal machining. The material is non-homogeneous and
failures of both fiber and matrix contribute to the final
chip formation from the work material. Various possible
damage mechanisms such as fiber pullout, fiber fragmen-
tation, delamination, matrix burning and sub-surface
damage lead to poor cut surface quality in machining of
fiber reinforced polymer (FRP) composites. Compared
to the machining of metals, studies on machining of com-
posites are few and limited in number. Some of the possi-
ble chip formation mechanisms in machining of UD-FRP
composites have been suggested in the earlier studies [1–9].
However, all the mechanisms are shown as schematic
views without a detailed discussion or simulations to sup-

port the suggested chip formation mechanism. Present
study is an extension of the previous analysis by the pres-
ent authors [10], where the cutting forces, contact pressure
and frictional shear at the tool–fiber interface in simula-
tion of machining of UD-GFRP composite were calcu-
lated by simulation and validated with experimental
results.

The objective of the present study is to develop a Finite
Element (FE) model to simulate the chip formation mech-
anism during the machining of UD-GFRP composites for
the same material system, tool geometry and process
parameters as used in the earlier study [10]. ABAQUS/
Standard FE code was used earlier. However, simulations
in this code are time consuming and convergence difficul-
ties arise. Use of ABAQUS/Explicit FE code helps over-
come these difficulties. The FE model has two scales: a
micro-scale adjacent to the cutting zone where fiber and
matrix are considered separately and a macro-scale away
from the cutting zone where the composite is modeled as
an equivalent homogeneous material (EHM). The EHM
replaces the real two-phase material with separate matrix
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and fiber phases by an equivalent transversely isotropic
homogeneous single-phase material with properties (E11,
E22, G12 and t12) determined from experiments. The fiber
is considered elastic and the matrix is considered elasto-
plastic with isotropic hardening. The interface between
the fiber and matrix is modeled using cohesive zone ele-
ments, which allow for debonding at the interface. The ini-
tiation and evolution of damage in matrix is also included
in the present study. This paper investigates the effect of
fiber orientation on stresses in the fiber and its failure,
the evolution of damage in the matrix, interfacial debond-
ing leading to chip formation mechanism and also sub-sur-
face damage. The damage initiation and evolution in the
matrix is implemented based on the material yield strain
and fracture energy respectively [11–14]. The element fail-
ure in the fiber is considered based on the induced maxi-
mum principal stresses.

2. Finite element formulation, damage and interfacial failure

Commercially available finite element analysis software
tool ABAQUSTM version 6.5 [15] is used for simulation of
chip formation mechanism in orthogonal machining of
UD-GFRP composites. A plane stress formulation is used
to study the machining of FRP composites. The heat gen-
eration between the cutting tool and the work material is
neglected, as experiments are conducted at very low cutting
speed (V = 0.5 m/min). In the numerical model, to keep the
problem tractable, only region of the work material close
to chip formation zone is modeled (2000 lm · 1000 lm).
The portion of the work material adjacent to the cutting
tool is modeled using fiber and matrix separately, whereas,

portions away from the cutting tool are modeled as EHM.
Two fibers, three matrix layers and two EHM regions as
shown in Fig. 1 are considered. The tool is assumed to be
in contact with the first fiber (f1) after the first matrix
(m1) has been removed prior to machining simulation.
All the fiber and matrix regions are meshed with four
noded plane stress quadrilateral elements. Mesh conver-
gence studies were performed and finally all fiber and
matrix domains are modeled with approximately
1 lm · 1 lm element size. The EHM regions are modeled
with combination of both four-node quadrilateral and
three-node triangular elements. The three-node triangular
elements are used for the mesh transition from fine to
coarse mesh. The fine mesh is used in the fiber and matrix
whereas coarse mesh is used in the EHM away from the
fiber or matrix domain. The sizes of elements, in fine and
coarse mesh domains are approximately 1 lm · 1 lm and
16 lm · 16 lm respectively. The displacements of the bot-
tom of the work piece in both cutting and perpendicular
direction are restrained (ux = uy = 0) in the FE model.
The displacements of extreme left side are also restrained
(ux = 0) in the cutting direction. The cutting tool is mod-
eled as a rigid body (as the elastic modulus of solid carbide
cutting tool material is six times the elastic modulus of
glass fiber) and a reference point controls the movement
of the cutting tool. Prior experiments show that the velocity
of cutting marginally affects the cutting of UD-GFRP com-
posite [10]. It was therefore decided to consider the process
as quasi-static and implement the same using ABAQUS/
Explicit FE code. The FE code has provision for imple-
menting damage initiation and evolution in matrix and
debonding at the interface of fiber and matrix using cohe-
sive elements.

Nomenclature

UD-GFRP unidirectional glass fiber reinforced polymer
EHM equivalent homogeneous material
FRP fiber reinforced polymer
FE finite element
CZM cohesive zone model
f1,2 first and second fiber respectively
m1,2,3 first, second and third matrix respectively
V velocity of the cutting tool
t depth of cut
h fiber orientation
r edge radius
c rake angle
a relief angle
h1 depth of sub-surface damage in the first matrix
h2 depth of sub-surface damage in the second ma-

trix
h3 depth of sub-surface damage in the third matrix

h5 height of damage above the trim plane in the
second matrix

h6 height of damage above the trim plane in the
third matrix

d1,2 damage variable at the interface in normal and
shear direction

dm damage variable in the matrix material
Dm damage variable matrix for the matrix material
Ee, E elastic modulus of un damaged and damaged

epoxy material
re effective stress tensor of the undamaged material
r nominal stress tensor of the damaged material
upl

f equivalent plastic displacement at failure

upl equivalent plastic displacement related to the
plastic strain epl

Gf fracture energy per unit area dissipated during
the damage process
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