Int J Adv Manuf Technol (2018) 94:599-614
DOI 10.1007/s00170-017-0754-7

@ CrossMark

ORIGINAL ARTICLE

Three-dimensional finite element modeling of drilling
CFRP composites using Abaqus/CAE: a review

Gong-Dong Wang'? . Stephen Kirwa Melly '

Received: 17 October 2016 / Accepted: 26 June 2017 /Published online: 15 August 2017

© Springer-Verlag London Ltd. 2017

Abstract The extra-ordinary properties of carbon fiber rein-
forced polymer (CFRP) composites and its outstanding per-
formance in their structural applications, especially in aero-
space industry where high strength to weight ratio is highly
desirable, have given them a steadfast attention in the engi-
neering materials research world. Drilling of CFRP materials
to facilitate holes for component assembly subjects them to
various modes of failure due to their anisotropy and in homo-
geneity. A requisite means of investigation and analysis is
therefore required in order to understand these failure modes.
Traditionally, the failure modes have been studied through
experiments and more recently numerical simulations. There
are dozens of finite element (FE) software available for nu-
merical simulation with Abaqus/CAE being the mostly used
for composites analysis. The numerical setup is a complicated
process requiring some level of expertise in order to get accu-
rate results which can be validated with experimental results.
Upcoming researchers find it difficult, and they end up spend-
ing much time preparing for a successful simulation due to
scattered information in scientific literature about modeling.
This article tries to make work easier for new researchers by
doing a review of 3D modeling of drilling CFRP using
Abaqus/CAE software. The article features models from high-
ly experienced researchers and their validated results with
step-by-step setup guidelines. The objective is to provide a
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basic guideline to new researchers on the appropriate material
properties and damage models for a successful and accurate
simulation.

Keywords Abaqus/CAE - 3D modeling - CFRP - Drilling
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1 Introduction

The phenomenal performance of carbon fiber reinforced poly-
mer composites (CFRP) in their structural applications has
made them materials of choice especially in aerospace indus-
try. The main attributes of these materials are their high
strength, high stiffness, and low weight which are highly fa-
vorable in aerospace applications. As a result of these proper-
ties, the demand of CFRP composites extends to other engi-
neering applications including automotive and sporting indus-
tries where high strength and low weight take high prece-
dence. Since the introduction of composites as potential ma-
terials of choice in aerospace industry a few decades ago, each
year since then, there has been continuous increase in its ap-
plication on aircraft structures. This replacement of conven-
tional materials like aluminum for structural applications of
aircraft has resulted to Airbus A350XWB aircraft boasting of
about 53% composites on its structural weight [1].

The manufacturing of these materials can be classified as
either primary or secondary manufacturing [2]. Near net shape
of the CFRP composites is produced via the primary
manufacturing processes. To facilitate component assembly,
additional machining operations are required [3]. These oper-
ations can be termed as secondary manufacturing processes
and will include several holes for rivets and bolts. Hole mak-
ing is therefore an indispensable secondary manufacturing
process. There are several techniques to make holes including
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conventional and non-conventional methods. So far, the most
commonly employed method to make holes is the convention-
al drilling with a twist drill. Compared to metallic materials,
carbon fiber reinforced composites, despite their attractive na-
ture, raise specific problems during machining and drilling in
particular [4]. This difficulty in machining of the said com-
posites is attributed to its material characteristics including
non-homogeneity, anisotropy, highly abrasive and hard rein-
forced fibers, and coexistence of hard abrasive fibers with soft
matrix [5]. The damages associated with drilling of CFRP
composites, primarily due to its characteristics mentioned
above, include excessive tool wear which in turn induces such
damage phenomena as fiber pull-out, particle fracture, delam-
ination, and de-bonding at the fiber or particle and matrix
interface [6]. Of all the problems caused by drilling on the
composite, delamination has been considered as the most se-
vere one [7], and it is the reason why up to 60% of the com-
ponents are rejected during assembling. It is severe in the
sense that it causes significant reduction in the fatigue strength
of the component thus degrading the long-term performance
of the composite [3]. Delamination therefore is a great loss
bearing in mind that drilling is the last machining operation on
composites.

The last few years have seen researchers working around
the clock to curb this kind of damages to composites during
machining. This has led to tremendous amount of literature
available about the same and can be found on these state-of-
the-art reviews [6—8]. The methods that have been used by
researchers in studying the drilling of composites have been
diverse and can be generally divided into three categories
namely experimental studies focusing on micro/macro ma-
chinability of composites, simple modeling using convention-
al cutting mechanics, and numerical simulations [6]. These
kind of studies are focused on various drilling parameters
contributing to delamination which include fiber orientations,
tool geometry, tool type, feed rate, spindle speed, thrust force,
and stacking sequences.

Most of damage evaluation during drilling of composites
has been done via experimental means. As has been men-
tioned, tool geometry plays a role in damage during drilling.
C.C Tsao [9] did experimental studies using step core drill in
order to find the thrust forces involved. His studies concluded
that diameter ratio and feed rate have significant influence on
the overall performance of the drill and that this kind of drill
produces the highest thrust force (which is related to delami-
nation). The most recent work by Nagaraja et al. [10] investi-
gated experimentally the influence of tool type in drilling of
carbon fiber reinforced composites. They used high-speed
steel (HSS) and solid carbide drills in their work. The scan-
ning electron microscope images from their results showed
that the damage caused by HSS is more severe than that
caused by solid carbide drills hence recommending the use
of the latter drill type for generating quality holes in
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composites. Numerous amount of literature is also available
concerning the effects of drilling parameters including feed
rate, spindle speed, and thrust force. Using step core drills as
the tools, the following researchers [11, 12] studied the influ-
ence of diameter ratio, feed rate, and spindle speed. They
found that the said parameters have influence on delamination
and the best combination to be: diameter ratio = 0.74 mm/min,
feed rate 8 mm/min, and spindle speed = 1200RPM.

Due to the abrasive nature of the fibers, serious tool wear is
normally encountered during drilling. Several researchers
have done experimental work concerning this issue of tool
wear. Xin Wang et al. [13] studied wear of uncoated and
diamond-coated tools during drilling of CFRP. They found
that diamond coatings significantly reduce the edge rounding
wear. The relationship between tool wear and surface quality
has been a concern. Ramirez et al. [14] evaluated experimen-
tally the tool wear and surface integrity of drilled holes in
CFRP. They found that the main wear mechanism of the tool
is by abrasion and has direct relationship with the quality of
the hole surface. Several other experimental studies [15-22]
have focused on understanding drilling of carbon fiber rein-
forced composites.

The advances in technology in the recent years have led to
the development of computers with high computing capabili-
ty. Powerful finite element simulation software has also been
developed in the last few decades. The combination of these
two developments has been great news to scientists and engi-
neers as it has allowed machining processes to be modeled and
simulated in an efficient and accurate manner. Process simu-
lations are therefore replacing physical experiments in almost
every aspect of research. Unlike experiments which are costly,
time-consuming, can be difficult to perform, and involves
destructive techniques, process simulations have many advan-
tages including saving on the costs and time, and variables
difficult to obtain in experiments can be predicted.

Numerous papers have been published about finite element
simulation model of drilling in CFRP. Phadnis et al. [23] did a
successful 3D model of drilling in CFRP composite to predict
critical thrust forces and torques that trigger damages to the
work piece, and they found their results to be in good agree-
ment with experimental results available in literature. Feito
et al. [24] developed a complete and a simplified model of
drilling in order to predict delamination. The former involves
a complete modeling of the process including rotary move-
ment of the drill, penetration of work piece and element dele-
tion, while the latter considers the drill acting like a punch.
While reducing computational cost, the simplified model
slightly over-estimated delamination. A 3D model of drilling
was developed by the authors [25] in order to study the effects
of drill geometry on drilling induced delamination. They used
a step drill and a twist drill where they concluded that delam-
ination and other work piece defects could be eliminated by
suitable selection of step drill geometry. Non-conventional
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drilling methods like ultrasonically assisted drilling (UAD)
have been explored as a better way of drilling composites.
Some authors [26, 27] have modeled successful finite element
simulation of this kind of drilling. It is common for researchers
these days to validate their experimental works with finite
element simulations for instance the authors [2, 3, 28].

Drilling of composites is undoubtedly most complicated
process to study with so many variables to consider. This
makes designing experimental procedures capable of com-
plete damage prediction very difficult to achieve. This neces-
sitates for models which are capable of simulating the entire
damage process from its initiation through evolution to com-
plete composite structure failure [29]. With the development
of powerful computers year in year out, the finite element
simulation of machining processes continues to increase.
The pioneers of these simulation works have done a great
job and laid down foundation for future researchers. Several
review papers [7, 30, 31] have been published about experi-
mental drilling studies. Modeling review article available [6]
deals with machining of composites and more specifically
turning and milling. There is no review paper about 3D finite
element simulation of drilling; hence, this article is going to be
one of its kind. This paper summarizes the appropriate mate-
rial properties, damage criterion (for both intra-laminar and
inter-laminar), work piece, and tool geometry model for a
successful simulation. The main objective is to provide a basic
guideline for drilling CFRP simulation setup to upcoming
researchers.

2 CFRP material modeling

For a FE simulation to be highly accurate and at the same time
reliable, it should be able to predict the stress distributions,
forces, torque, and the various damage modes in composites
precisely. The essential ingredient for this achievement is an
accurate definition of material properties. The failure criteria
for laminated composites (2D Hashin failure criterion) are
available in Abaqus/CAE. Unfortunately, it can only be

Fig. 1 Stress-strain relation for
undamaged laminate [32]
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applied to shell elements and continuum shell elements mak-
ing it suitable for 2D problem analysis as it cannot take into
account through thickness rate-dependent deformations. For
this reason, a constitutive material model and a failure criteria
suitable for solid elements (3D stress) should be developed.
This is achieved by implementing the Hashin 3D failure
criteria in a Vectorized User Material (VUMAT) subroutine
available in Abaqus/CAE. This section deals with successful
materials models that have been used by researchers.

2.1 Constitutive model for undamaged and damaged
laminate

Prior to damage, linear elastic material behavior is assumed
for the CFRP laminates. Orthotropic elastic material is there-
fore modeled with the stress strain relationships as shown in
Fig. 1. The elastic constants of the undamaged model are
defined as shown in Fig. 2.

where E; is the Young’s modulus in i direction, G;; is the
shear modulus in i —j plane, and v; is the Poisson’s ratio for
transverse strain in the j direction, when the stress is in the i
direction.

Once the damage initiation criterion is satisfied, the degra-
dation of the material stiffness is begins and is defined by Eq.
(1) represented by the 6*6 matrix shown in Fig. 3.

O':C(d)(‘:, JU:CUSU (1)

The non-zero terms of the damaged laminate matrix shown
in Fig. 3 are defined as shown in Fig. 4.where

dp = 1-(1=dy) (1=die), dm = 1=(1=dp)(1=dpc),T
= 1/(1-viva—vuvn—visvs —2vvnvis).

where E; is the Young’s modulus in / direction, G;; is the shear
modulus in i —j plane, and v;; is the Poisson’s ratio for trans-
verse strain in the j direction, when the stress is in the 7 direc-
tion. The factors S,,; and S,,. in the definitions of the shear
moduli are introduced to control the reduction in shear
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Fig. 2 Elastic constants for undamaged model [32]

stiffness caused by tensile and compressive failure in the ma-
trix, respectively.

2.2 CFRP mechanical properties

As already mentioned, using 3D solid elements requires the
use of Vectorized User Material (VUMAT) subroutine to im-
plement damage criteria. In this case, the material properties of
the CFRP model will be entered as mechanical constants un-
der user material in the property module of the Abaqus/CAE
software. To create/enter material properties, go to property
module > create material > general > user material.

The material properties vary depending on the type of the
composite. There are two main configurations namely unidi-
rectional (UD) and woven carbon fibers. The former is widely
used in practice and in research and therefore has been exten-
sively covered in literature. Properties of composites are
directionally dependent which is why orthotropic material
specifications are used in FE analysis. The most commonly
used material type in literature is (UD) CFRP T700-M21 and
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Fig. 3 Stress-strain relations for damaged laminate [33]
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Fig. 4 Non-zero terms of the damaged laminate [33]

T300/LMT45-EL (UD) as reported by authors [23, 26-28]
and [3, 24], respectively. The most prolific authors as far as
finite element modeling of drilling in CFRP are Phadnis et al.
In all their papers, the authors have used consistent values of
composite material properties. Table 1 lists several authors
and the orthotropic properties of CFRP composites they used
in their studies.

2.3 CFRP damage

CFRP composites consist of two parts, the matrix, and the
reinforcement. The reinforcements in this case are carbon
fibers which are meant to provide strength. The purpose
of the matrix is to bind the reinforcements together and
can be a polymer resin such as epoxy. This therefore leads
to two different failure modes; matrix failure and fiber
failure commonly referred to as intra-laminar failure.
The most severe form of damage is delamination also
known as inter-laminar failure.

2.3.1 Intra-laminar damage

Intra-laminar damage consists of matrix and fiber damage
as already mentioned. There are several theories that ex-
plain this kind of failure. These include Hashin, Hou,
Tsai-wu, and Tsai-Hill. Hashin criterion [37] is the most
commonly used failure criterion for analysis of compos-
ites using Abaqus/CAE. Despite being used extensively,
some studies [6] have found that Hashin’s criterion cannot
accurately predict the initiation of matrix damage. This
has led to researchers using other alternative criteria for
analysis.



Int J Adv Manuf Technol (2018) 94:599-614 603

Table 1  Mechanical properties of CFRP

Author CFRP orthotropic properties

1. V.A Phadnis et al. [3, 26, 28]
E11 = 127GP£Z, E22 :E33 = 9.1GPa, Vp =0U13 = 031,

V3 = 045, GIZ = G13 = 5.6GPa, G23 = 4GP117 p = l600kg/m3
2. O. Isbilir and E. Ghassemich

[25] E11 = 112GP£Z7 Ezz = E33 = S.ZGPLZ, G12 = G13 =4.5GPa Gz3 = 3GP£Z7 V12 = U13 = 0.3,1}23 =04

3. F. Makhd t al. [27
e 2 115GPa, En = By = 14GPa, v = vy =029, vny =04 G = Gy = 4GPa, Gy = 3.2GPa

4.Y. Shi et al. [34
reta [ ] E11 = 153GP£Z7 E22 =E33 = 103GP61, Vg = V13 = 037 U3 = 04, G12 = G13 = 6GPa, G23 = 3.7GP(1,

5. H. Singh and P. Mahajan
[35] E11 = 143.4GP£17 E22 = E33 = 9.27GPLI7 G12 = G13 = 3.8GP{17

G23 = 3,2GPa7 Vi = V13 = 031, U3 = 052, p = 1600kg/m3

6. L. Rai do et al. [36
aimondo ct al. [36] Ey = 114GPa, Ey = E3; =8.6GPa, v =v;3 =03, vy =046, G = Gi3 = 4.45GPa, Gy; = 4GPa

i. Hashin criteria Matrix compression g,; + 033 <0

The most extensively used criteria in the industry. It is also

included in the finite element code Abaqus/CAE. It was pos- < Y > 2_1 (022 +o 33) (022 + 033)2
tulated by Zvi Hashin, a mechanical engineer and a retired 2823 Ye 453,
professor of solid mechanics at Tel-Aviv University, in 1980.

Hashin’s criterion considers four different modes of failure for 0337022 933 ‘7%2 + 0%3
a composites namely fiber tension, fiber compression, matrix S§3 S%z
tension, and matrix compression as expressed by Egs. (2)—(5). >1 failure
Fiber tension oy, >0 = { <_ 1 "no failure (5)
(‘711 > ? oh, + ot _ { =1 failure (2) where o, is the stress components, subscripts 7"and C are
Xr sz < 1 no failure the tensile and compressive strengths of the laminate, X7 and
Yr are the allowable tensile strengths, X and Y are the al-
Fiber compression o <0 lowable compressive strengths, and S;,, S;3, andS,; are the
) allowable shear strengths.
(ﬂ) _ { =1 failure (3) The input values for Hashin’s criterion damage parameters
Xc <1 nojailure have been recorded by various researchers and are listed in
Table 2.

Matrix tension Oy + 033> 0
ii. Hou criteria
2 4 2 Several authors including [24, 39—41] have used Hou criteria to
o 01 el i . o .
72 2 2 model intra-laminar failure in their research and hence have
T 2 12 been used widely in literature. It considers three different types
| =1 failure (4) of damage in intra-laminar failure and also considers delamina-
T\ < 1 nofailure tion (inter-laminar failure). So, the unique part of this criteria is

2 2
(022 + 033) 0537022033

Table 2 Hashin’s damage parameters

Author Hashin damage parameters

1. V.A. Phadnis et al. [3] Xy = 2720MPa. Yy = 111MPa

X = 1690MPa, Sis = 115MPa, Sy = 40Mpa X7 — 1900MPa, Y7 = 84MPa,

2. 0. Isbilir and E. Ghassemieh [25, 38
soiran assemich [23, 38] X¢ = 1000MPa, Y = 250MPa, Sy, = 60MPa, Sy, = 110MPa

3.Y. Shi etal. [34
ietal [34] X7 = 2537TMPa, X¢ = 1580MPa,

Y7 = 82MPa, Yc = 236MPa, S, = 90MPa, 823 = 40MPa
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that it also models delamination which the Hashin criteria does
not. The three different types of damage (fiber failure, matrix
cracking, and matrix crushing) are shown in Egs. (6)—(8),
whereas delamination damage is shown in Eq. (9).

Fiber failure

2
4. = (&) + (2)51 6
4 X S (6)

Matrix cracking

2 2
022 T12
a = (22 T2 < 7
" (Yt> +<512) - )

Matrix crushing

e~ L(zem) | (Leom ) (om +<2 L
™4\ Sh, 48%v.) "\ Ye Sin) ~

Delamination
o33\ > o3\ 023\
&y = (%) - < ;3) + <%> >1 9)
n N t

In the above equations, oy , 025, and o, are stress compo-
nents in fiber, transverse direction, and in-plane shear stress,
respectively. X, Y;, Y., and S}, are tensile strength in trans-
verse direction, tensile strength in longitudinal direction,
transverse compressive strength, and in-plane shear strength,
respectively.

The values for the above parameters as have been reported
by authors [24] are listed in Table 3.

iii. Puck’s criteria

As already mentioned, Hashin criteria has been reported not to
predict matrix compression failure accurately. An alternative
failure model suggested by Puck and Schurmann [42] has
been widely accepted as a better way of predicting matrix
failure. Several authors including [3, 23] used this criterion
to model matrix failure whereas using Hashin criterion for
fiber damage. Equation (10) shows Puck’s criteria for matrix
failure.

Table 3 Hou criteria

parameters Property Value
X(MPa) 2720
X.(MPa) 1690
Y. (MPa) 240
S12(MPa) 115
ty=1, (MPa) 90
t, (MPa) 60

@ Springer

2 02 2
() o (52)
2X 1 X2 X5 S12

1 1
+ o2 ()(—2t+X—2c>
=1 (10)

where 011 , 025, and 0, are the stress components, and.X7,, X>,,
and X, are the tensile failure stress in fiber direction, trans-
verse direction, and compressive failure stress in transverse
direction, respectively. Sj, is shear failure stress in 2-3 plane.

2.3.2 Inter-laminar damage

Inter-laminar damage is defined in the interaction module of the
Abaqus/CAE software. In the interaction module > create in-
teraction property > contact > mechanical; tangential, normal,
cohesive, and damage parameters are entered. There are two
approaches that have been employed by researchers to model
inter-laminar damage, otherwise known as delamination. In
most of the studies, this is the main focus or the main subject
of study as far as CFRP composites are concerned. It is consid-
ered as the most severe form of damage because it affects the
structural integrity and long-term reliability of the composite
components [38]. The two approaches used are surface-based
cohesive behavior and cohesive zone elements. The former is a
bit easy to implement, whereas the latter needs expertise.

i. Surface-based cohesive behavior
In this approach, the delamination initiation and propagation
are modeled as a surface-based interaction property which is
available in Abaqus/CAE. It defines cohesive behavior be-
tween two adjacent plies one of them as a master and the other
as a slave. Several authors including [25, 35, 38] have used
this kind of model. It has overall advantages over the surface-
based cohesive elements as it is easier to use and reduces the
computational cost significantly. Linear elastic response up to
delamination is ensured by traction-separation law and then
followed by linear softening phase as delamination grows.
Normal stresses o,, and shear stresses (o, ;) are defined
for surface-based behavior using the following governing Egs.
(11) as explained by the authors [38].

o; = kid; . b=l di=n,s,t (11)
l wharé 103 ]tﬁéleracti{))n?séparation stiffness modulus, § is the
separation for normal and shear directions, and D is the dam-
age variable.
Once the damage is initiated, the specification of its
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evolution can be done by using a softening criterion as shown
in Eq. (12) where d is the damage variable, whereas d,, is the
effective displacement.

RACH)

50,0 "

where 4, is defined as shown in Eq. (13) below.

Ji=t
Om = Z&f- i=n,s,t (13)

Total fracture energy at the completion of the delamination
is the sum total of normal, tangential, and fracture energies
based on power law energy criterion as shown in Eq. (14).

lEf e

where «, 3, and -y are exponential constants, whereas Gf, GSC,

and GC are critical fracture energies. Values of these cohesive
surface parameters that have been used in literature [25, 34,
38] are given in Table 4.

ii. Cohesive zone elements

This delamination failure model has been used exten-
sively by Phadnis et al. [23, 26, 28] in their several
studies about CFRP. Other authors [3, 24, 34] have also
used the same to model delamination failure in
composites. In this case, cohesive elements available in
Abaqus/CAE of a given thickness (mostly 5 pm) are
introduced into the layer interfaces. Interface properties
are then assigned to these elements. Turon et al. [43]
suggested an empirical formula to calculate elastic stiff-
ness that characterizes pre-damage response of cohesive
elements. The authors Phadnis et al. employed this for-
mula in their several studies. The formula is shown in
Eq. (15) below.

Table 4 Cohesive

surface parameters Parameter Value

0,(MPa) 60
o: (MPa) 110
o4(MPa) 110

c 033
G, (N/mm)

c 1.209
G; (N/mm)

c 1.209
Gy (N/mm)

- CYE33
ot

K

(15)

where K, E33, t, and « are interface stiffness, Young’s
modulus of CFRP laminate in the thickness direction,
thickness of the individual ply, and adjusting parameter,
respectively. The adjusting parameter is such that for its
value greater than 50, the loss of stiffness due to pres-
ence of interface is less than 2% [3]. The damage ini-
tiation of the cohesive elements has the condition shown
in Eq. (16) below.

2 2 2
AR RO
tn ts tt

where ¢, t, and ¢, are the instantaneous components of

normal and shear tractions, whereas tg,t?, and t(t) repre-
sent the peak values of nominal stress. Bilinear traction-
separation response as shown in Fig. 5 is used to model

the mixed-mode damage of cohesive elements.

When the damage initiation condition is fulfilled, de-
lamination starts and stiffness begins to degrade linearly
linked to damage variable d as shown in Eq. (12), the
same case as for cohesive surface behavior. The mate-
rial parameters to model interface cohesive elements are
shown in Table 5.

2.3.3 Comparisons of cohesive surface behavior and cohesive
zone elements

While both approaches model adhesive surfaces, there exist
slight differences between the two. The formulas and laws that
govern surface-based cohesive behavior are very similar to those
used for cohesive elements. The differences are listed below.

1. Damage in surface-based behavior is an interaction prop-
erty, whereas damage in cohesive elements is a material
property.

2. For surface-based cohesive behavior, the damage evolu-
tion is the degradation of the cohesive stiffness, whereas
the damage evolution for cohesive elements describes the
degradation of material stiffness.

3. For cohesive elements, the material definition includes
mass, whereas cohesive surfaces do not add mass.
Cohesive elements are recommended for a more detailed
adhesive connection modeling, while cohesive surfaces
provide a quick and easy way to model adhesive
connections.

5. Additional pre-processing effort and increasing computa-
tional cost are experienced in cohesive elements com-
pared to cohesive surfaces.

@ Springer
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Fig. 5 Damage initiation and Equivalent 4
evolution in cohesive elements stress
for mode-1 [3]

a_()

eq

Linear elastic _
response

+-——

Damage initiation

Stiffness degradation resulting in
damage evolution

-

>

2.4 Implementation of the failure criterion

In order to use VUMAT subroutine, the Abaqus/CAE software
has to be linked with Intel Fortran composer and Microsoft
Visual studio all together. Different versions of the software
are compatible, and so, the author should have a prior knowl-
edge of compatibility before linking. The VUMAT code is
written in Fortran language and linked for analysis in the job
module of the Abaqus/CAE (create job > general > user sub-
routine file). Figure 6 shows algorithm used by authors [3] to
implement the failure criterion in Abaqus/Explicit.

3 3D finite Elem Ent part modeling
3.1 Introduction to Abaqus/CAE

Abaqus/CAE (Complete Abaqus Environment) is a software
suite for finite element analysis and computer-aided engineer-
ing. It provides a simple and consistent interface for creating,
submitting, monitoring, and evaluating results from Abaqus/
Standard and Abaqus/Explicit simulations [44]. Abaqus/CAE
is divided into modules where each module defines a logical
aspect of the modeling process, for example defining geome-
try, material properties, assembling, and meshing.

Unlike most of other FE software packages where the user
has freedom to choose a system of units to use in the

Table 5 Interface

cohesive elements Parameter Value
material parameters
0 60
t, (MPa)
90
0 =1 (MPa)
G,(N/mm) 0.2
Gy=G/(N/mm) 1
K,(N/'mm?) 4x10°
K, = K,(N/mm?) 1x10°

@ Springer

Equivalent
displacement

eq eq

modeling, this cannot be done in Abaqus/CAE as it does not
have an inbuilt system of units. The user has to specify all the
input data in consistent units. Some commonly used system of
units is shown in Table 6.

3.2 Modeling process

The steps involved in a complete setup of a FE model in
Abaqus/CAE are represented as a process flow in Fig. 7.

Read material properties and
calculate stiffness matrix

Update elastic strain

Update stresses and evaluate l Element deletion algorithm I
empirical failure (d)

|
v

I Puck’s criteria for matrix failure I l

\

I

Hashin's criteria for fibre failure

I Matrix tensile failure (d,,,) H Matrix compressive failure (d,,,.)

.

‘ Fibre tensile failure (d,)
I I

‘ ‘ Fibre compressive failure (d;.) ‘
1 T

N

I Ifd, = 1 delete element

|
v

Analyse eigen value response of
failed structure and estimate stable
time increment of further analysis

v
Flag failed element with failure parameter
in solution-dependant state variables

)

e

Update damaged stiffness matrix and
corresponding stresses and strains

End of subroutine

Fig. 6 Algorithm showing implementation of VUMAT [3]
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Table 6 Abaqus/CAE consistent units
System of units Input Output

Length Force Elastic modulus Mass Density Gravity (g) Displacement Force Stress
SI m N Pa kg kg/m’ 9.807 m/s’ m N Pa
SI (mm) mm N MPa t (Mg) t/mm’> 9807 mm/s> mm N MPa
US unit (ft) ft 1bf psf slug slug/ft’ 32.17 fs? ft b psf
US units (in) in Ibf psi Ibf s%/in Ibf s%/in* 386.1 in/s? in Ibf psi

3.2.1 Part modeling

Modeling is done on the part module of Abaqus/CAE. The
module is equipped with all the necessary operations for a
complex geometry including 3D, 2D, Axisymmetric, Solid,
Shell, Wire, Extrusion, Revolution, and sweep. It is also pos-
sible to import parts, assembly, or models of IGS, STEP, Para
solid, VDA, or CATIA formats. The dimensions of the geom-
etry depend on the author. It is always recommended to reduce
the size of the model as much as possible since big models will
mean huge computation work for the computer therefore tak-
ing much time to compete the simulation. The number of
composite plates to be modeled depends on the number of
orientations the author wants to use in the simulation.

The CFRP plate and the drilling tool are modeled as 3D,
Deformable, Solid, and Extrusion. Most of the published work
has had the tool being modeled by other 3D modeling soft-
ware like Computer-Aided Three-Dimensional Interactive
Application (CATIA) and then imported to the Abaqus/CAE.

3.2.2 Property assignments

The property module allows the user to create material, create
section, assign section, and assign the material orientation.
The material properties for the CFRP are entered as mechan-
ical constants under user material since VUMAT subroutine
will be used to implement 3D failure criteria. Both the tool and
the composite plate have solid and homogenous sections

which should be assigned in this module. Finally, material
orientation is assigned depending on the stacking sequence
the author wants to use in the simulation. The mostly com-
monly used material orientations are (0° ,45°, —45°, 90°).

3.2.3 Assembling

The author creates instances of the parts in this module and
manipulates them according to the experimental setup. The
parts can be rotated, translated, or patterned. Figure 8 shows
assembled models.

3.2.4 Meshing

In this module, we generate meshes on parts and assem-
blies created within Abaqus/CAE. Various methods of
mesh control are available for the author to create a mesh
that meets their analysis. There are three types of mesh
formulation available in Abaqus/CAE: Eulerian,
Lagrangian, and Arbitrary Lagrangian Eulerian (ALE)
[6]. In the Eulerian method, the mesh is spatially fixed,
whereas the material is allowed to flow through the
meshed control volume thus not suitable for machining
simulations. The Lagrangian method is the most suitable
for machining simulations since the mesh is attached to
material and allowed to deform similarly to actual ma-
chining. The main disadvantage of this kind of meshing
is severe element distortion and the constant need for

Fig.7 FE modeling process flow
PART PROPERTY
MODELING ASSIGNEMENT ASSEMBLING MESHING
CREATING
BOUNDARY INTERACTION
JOB CREATION CONDITIONS PROPERTIES ANng,SIS
EDITING OF JOB
INPUT FILE SUBMISSION
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Fig. 8 Assembled models of
CFRP drilling. From a [27] and b
B3]

a

Drill reference point

CFRP layup[0°/45°/-90°/45°]

Layup sequence-first four
plies are zoomed

CFRP laminate-quasi-isotropic
layup

A0 Ll
b w0 ply
25mm = 90° ply
I Cohesive element
CFRP laminate 2 ‘—1
12mm (Top View)
1
Jobber carbide twist
2mm ] (Front View) %1, | drill (3mm Diameter)

T300/LTM45-EL
cross-ply laminate

remeshing hence high computation cost. ALE combines
Lagrangian and Eulerian formulations hence having ad-
vantages of both. It avoids severe distortion without the
need for remeshing.

The most popularly used elements for CFRP plate are
Reduced-Integrated 8-node brick elements (C3D8R). To
simulate delamination, cohesive zone elements,
COH3D8 type elements were used. To reduce computa-
tional cost as much as possible, the density of mesh
around the drilled hole is normally increased to about an
aspect ratio of 1, while that of outside the region is re-
duced. Convergence of the solution is partly determined

@ Springer

< -4

“ Zoomed view of
cross-ply interface

Backing plate (25*25mm)

by the element size. Most researchers will do a conver-
gence study and thus come with a compromise between
the element size and the convergence without affecting
accuracy of the solution.

The same element type used for the composite plate is also
used for the drilling tool. The difference is that the tool ele-
ments will be made rigid by using a reference point. A rigid
body is a group of elements with the displacement governed
by a single node that is the reference point/node. The relative
positions of the nodes and elements that are part of the rigid
body remain constant throughout a simulation therefore not
deforming. Figure 9 shows the meshed assembly.
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Fig. 9 Meshed Abaqus/CAE Boundary conditions
model of drilling [23] Q All vertical faces of
workpiece are fixed.
Q Drill moves axially in Z 90°
direction and rotates 0
about Z axis. -45
0°
K20 Carbide drill, ¢ 8mm 450
M21/T700 CFRP

Laminate (4.2 mm thick)

Reference point
of drill bit

Al 2024 (3mm thick)

3.2.5 Creating analysis step

This module creates analysis steps and specifies the output re-
quests. The initial step is created by default where boundary
conditions, predefined fields, and interactions that are applicable
at the very beginning of the analysis are defined. The initial step
is followed by one or more analysis steps associated with specific
procedure that defines the type of analysis to be performed dur-
ing the step, such as a static stress analysis or a transient heat
transfer analysis. For dynamic systems and large non-linear prob-
lems like drilling, dynamic explicit time step solves efficiently
and therefore is chosen. The time period is chosen depending on
the amount of time (determined by feed rate in this case) it will
take the tool to complete the drilling process.

3.2.6 Interaction properties

Interaction properties determine how the tool, the work piece,
and layers are going to interact during the drilling process.
There are two types of interaction properties that are defined.
One is for the contact between the tool and the work piece,
whereas the other is between the layers of the composite

Fig. 10 Boundary conditions
[45]

laminate. Normally, the interaction of the tool to the workpiece
is of penalty type where friction coefficient is defined. Cohesive
surface behavior is defined between each pair of adjacent layers
of the laminates. It is also in this cohesive behavior where the
damage (delamination) parameters are input including initiation,
evolution, and stabilization.

3.2.7 Boundary conditions

The boundary conditions applied should simulate the experimen-
tal conditions. Since the drilling tool is modeled as a rigid body,
all the boundary conditions to it are assigned to the reference
point. The feed rate and the spindle speed are applied to this point
using velocity boundary condition. In most cases, the drill is
constrained in X and Y directions such that displacements and
rotations in this directions are zero
(UX =UY = URX = URY = 0). The drill rotation and feed are
then applied to the z direction. As for the CFRP composite plate,
all the four vertical edges are fixed

(UX=UY =UX=URX =URY =URZ =0) in order to simulate
clamping. Figure 10 shows and boundary conditions applied on a
composite drilling setup.

Tool reference point
V1 = V2= 0. V3= 0005 m/S
VR, =VR;,=0, VR; = 2500 RPM

ENCASTER (All edge faces)
Uy=Up,=Uz+ UR;=UR,=UR3=0
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3.2.8 Job creation and editing the input file

The job module allows the user to create job from the model or
an input file. By default, the job is created basing on the
model. Once the job has been created, the author can write
input file on the job manager. The current Abaqus/CAE ver-
sions allow interactions only defined using surfaces or nodes.
This is disadvantageous, as for 3D drilling, the tool must come
in contact with the internal elements of the composite plate.
Therefore, editing of the input file is necessary to achieve this
kind of interaction.

3.2.9 Job submission

Finally, the job is created again, and this time, the source is
chosen as “input file” where the just edited input file is select-
ed. The job is then submitted for calculation and can be mon-
itored for progress.

4 Model validation

In order to have confidence in the finite element model results,
comparison with experimental results is necessary. A good
agreement between the two is a good news to researchers as
it means the finite element model can be used to predict dril-
ling of CFRP under a wide range of drilling parameters very
difficult to achieve in experiments. The areas of interest in-
clude thrust forces, delamination, and torques. Previous re-
search work has proved that thrust force is directly proportion-
al to the delamination and that is why keeping a keen eye on it
is really important.

4.1 Thrust forces

One of the key indicators to describe the quality of drilled holes
is thrust force. This is because research has shown that it is
directly responsible for drilling induced delamination hence
affecting quality of the holes. The authors [46, 47] reported that
drilling induced delamination, especially the push-down delam-
ination, correlates closely with the thrust force. In their studies,
they found that delamination at the hole exit is directly linked to
the drilling thrust force and is believed that there is a “critical
thrust force” below which no damage occurs.

Various analytical models have been developed to predict
the critical thrust force beyond which delamination initiates.
The first ever and the most accepted and referred model is that
of Hocheng and Dharan [21] as shown in equation below.

8GE K /:

3(1-0) .

Fcrit:ﬂ—
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where F,;, is the critical thrust force, E is the elastic mod-
ulus, vy, is the Poisson ratio, Gy, is the inter-laminar fracture
toughness in mode 1, and / is the uncut plate thickness.

In the FE simulation model, thrust force is recorded by a
reference point on the drilling tool. First, a set of the reference
point is created, and then on the history output, the domain is
selected as “set” where the name of the point is selected and
then the output variables to be chosen are the thrust forces.

The authors Phadnis et al. [3] did an excellent job involving
both experiments and finite element model to study drilling in
carbon/epoxy composites. Their FE model predicted very ac-
curately both the forces, torques, and delamination, as their
comparison with experimental results had very little devia-
tions. Several factors that could improve the accuracy of the
FE results as reported by the authors include the use of a more
realistic friction model, inclusion of thermal effects, and ac-
counting for drill wear effects. Figure 11i—iii shows the com-
parisons of experimental and finite element results of thrust
forces and torques done by various researchers. The compar-
isons show a very good agreement with reasonable deviations.

4.2 Delamination

The drilling induced delamination has been considered as the
most severe form of damage [3] to the composite components
as it reduces the structural strength. Delamination damage
occurs both at the drilling tool entrance as well as at the tool
exit commonly known as peel up and push down delamina-
tion, respectively [5], as illustrated in Fig. 12.

Peel-up delamination is caused by the cutting force pushing
the cut materials to the flute surface, whereas push-down de-
lamination is caused by thrust force bending the residual lam-
inates just before exit. The most common method of assessing
the level of delamination damage is the one-dimensional de-
lamination factor (F;) which can be defined as the ratio of
maximum diameter (D,,,) of the observed delamination zone
to the nominal diameter (D,,,,,) as shown in Eq. 18.

Fg=—+ (18)

Figure 13 illustrates how to measure the maximum and
nominal diameters in a drilled hole. Some authors [51] have
suggested that the use of F; may not truly reveal delamination,
as a few peeled up or pushed down layers do not represent the
true delamination zone of the drilled piece. They suggested a
two-dimensional delamination factor F,, as shown in Eq. 19
where A,,,,, and A,,; are nominal and delaminated areas as
shown in Fig. 13.

A e_Anom
F,= (dz;T>% (19)
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Fig. 11 From i [3], ii [38], and iii [27]. Comparisons of FE and experimental results (iiii): thrust forces (@) and torque (b)

Most researchers have measured the extent or severity of
delamination quantitatively using delamination factor. It is the
ratio between the maximum delaminated and the nominal

L

Fig. 12 Delamination mechanisms. a Peel-up. b Push-down [5]

05 | —Experiment  FEA

(N.m)

Torqu
o
n

0.15

Depth (mm)

Torque (N-cm)

diameter. On the other hand, physical appearance analysis
has also been used. In this case, scanning electron microscope
or imaging software is used to check on the delaminated areas
of the work piece. The finite element software uses color to
indicate the extent of delamination on the part. The authors [3]
used imaging software to compare the entry and exit delami-
nation on experiments to that of FE results. Figure 14 shows
the comparisons of experimental and finite element results of
entry delamination.

From Fig. 15, the authors [38] compared experimental re-
sult of delamination they obtained by scanning the drilled
work piece using scanning electron microscope (SEM) and
that of FE model. The white spots depict complete
delamination.
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Delamination area

Fig. 13 Delamination factor measurement [8]

5 Conclusions

The remarkable mechanical and physical properties of CFRP
composites are the main reason these materials are now being
used in many applications led by aerospace industry. Drilling
of these materials is a complex phenomenon resulting to dif-
ferent modes of damage that may compromise the perfor-
mance of the structure or lead to catastrophic failures. It is
for these reasons that many researchers and material enthusi-
asts are developing interests in understanding the damages
caused by drilling to the CFRP using mainly experimental
assessments and numerical simulations. Recently, 3D FE
models that can predict intra-laminar and inter-laminar
(delamination) damage on CFRP composite laminate induced
by drilling have been developed using Abaqus/CAE software.
There is no record in the published literature about review of
this tremendous stride in research to guide new researchers. In
this paper, a review of modeling 3D FE drilling simulation of
CFRP has been done. The paper has focused on the recent
work involving 3D simulation models of CFRP using

Fig. 14 Comparisons of i image
processing (experimental) and ii
FE model results of entry
delamination [3]

Drill entry

(@) O

3 mm

f =150 mm/min

@ Springer

Drill entry

Drill entry

f =300 mm/min

Fig. 15 Comparisons of entry delamination. a SEM. b FE model [38]

Abaqus/CAE and whose results have been validated by ex-
periments. From the available literature, the following obser-
vations can be made on the current state-of-the-art as far as FE
modeling of CFRP drilling in Abaqus/CAE is concerned:

1. The most commonly used software has been Abaqus/
CAE using the EXPLICIT solver.

2. Using solid elements for analysis (3D geometry) requires
the use of Vectorized User Material (VUMAT) to imple-
ment damage criteria. The failure criterion available in the
Abaqus/CAE software is only for shell elements (2D
geometry).

3. A successful 3D model simulation will require the re-
searcher to have additional knowledge about coding in
Fortran language to write the VUMAT subroutine.

4. Hashin failure criterion proposed by Zvi Hashin in 1980 is
the most employed to predict intra-laminar failure which
includes fiber tension, matrix tension, fiber compression,
and matrix compression. It is also included in the com-
mercially available FE software Abaqus/CAE for shell
elements.

5. Inter-laminar failure (delamination) has been modeled
using two approaches namely cohesive elements and co-
hesive surfaces. The former involves the use of small
thickness cohesive elements on the interfaces, whereas
the latter is a surface interaction property.

Drill entry

@

3 mm

R

3 mm

Damage variable, D

Drill entry

f =500 mm/min
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6. A reference point on the drilling tool is created to record
thrust forces involved in the process. It has been found to
be responsible to delamination; hence, its monitoring is a
priority.

7. The simulation run is a time-consuming process taking an
average of about 15 days. It depends on the computing
capabilities of the computer used, the number of elements,
and the feed rate employed among other many factors.

Successful simulations have provided results having a high
level of agreement with experimental results. The deviation
between the results for most researchers has been less than
10% which is highly acceptable. The advance in the comput-
ing capabilities of computers continues to motivate the use of
finite element modeling to study complex machining process-
es including drilling in detail. Various drilling parameters
which can be difficult to achieve in experiments can easily
be achieved in FE models. Therefore, the use of FE models
is expected to increase in two-fold in a near future, and such a
review paper is meant to provide basic guidance for new re-
searchers in the field.
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