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Laser machining of composites offers several advantages over conventional methods, such as no tool
wear and contact force-induced material disintegration. The drawback in using the laser is the formation
of a heat affected zone (HAZ). In the current investigations, analytical heat conduction models are used
to determine the extent of the HAZ for anisotropic materials. The conductivity models allow for consid-
eration of the anisotropic heat conductivity for GlassMat/PP and GlassMatUD/PP. Extensive experi-
ments were conducted on composite materials to examine HAZ. The predictions of the analysis are
compared with experimental results. The analytical results show a good agreement with experiments.
The objective of this study is to optimize the work process.

1. Introduction

Composite materials exhibit poor quality cut surfaces due to
spalled fibers, fuzzing, and delamination when routed by con-
ventional tools. Special arrangements and careful optimization
of cutting parameters are required therefore to avoid material
deterioration and tool wear. Laser beam cutting offers an ideal
means for the cutting of fiber composite materials being a non-
contact and virtually force-free manufacturing method. Hence,
laser machining is the appropriate method for the cutting to size
of semiproducts, as well as for the subsequent machining of the
contours of components. 

However, in the shaping operation of composite materials
after curing, thermal damage associated with laser energy can
be produced. It leads to poor assembly tolerance and long-term
performance deterioration. In the current research, preliminary
analytical and experimental analyses reveal that the laser en-
ergy per unit length determines mainly the induced thermal
damage. Heat conduction is maximum along the fibers, and the
heat affected zone (HAZ) shape is thus affected by the beam
scanning direction relative to fiber orientation. 

The study investigates the grooving of (UD) carbon/epoxy
as well as GlassMat20UD20(Strupp and Wenckler, Ger-
many)/polypropylene (PP), demonstrating clearly thermal
damage in 90° (i.e., perpendicular grooving) and 0° (i.e., paral-
lel grooving) relative to the fiber axis. To simplify the heat con-
duction model, all experiments conducted in this study were
grooving the workpiece instead of cutting through the work-
piece. Conversely, GlassMat/PP was assumed to be semiisot-
ropic and therefore independent of grooving direction. 

A theoretical analysis based on moving point heat source
was used to determine the extent of thermal damage in correla-
tion with process parameters and material properties. Aniso-

tropic heat conductivity models for thermal analysis are pre-
sented. Here, the extent of HAZ is estimated by the isotherm of
the matrix char temperature. The mirror image method was
used for specimen of finite thickness. Taking the immersing
heat source into account would further improve the prediction
of HAZ.

Besides, the absorbability of laser beam is good for most
composites. Thus, the potential of laser cutting for composite
materials is worth exploring. The related research is however
limited and focused on machinability tests. Tagliaferri (Ref 1)
conducted an experimental study to determine the surface fin-
ish characteristics of carbon fiber-reinforced plastics (CFRP)
and aramide fiber-reinforced plastics (AFRP) by CO2 laser.
The HAZ depends strictly on feed rate. The higher the speed of
laser beam, the smaller the volume of damage and the better the
cut finish. Graphite-reinforced composites were found to be
less suitable for laser cutting due to high fiber conductivity and
vaporization temperature (Ref 1, 2). Caprino and Tagliaferri
(Ref 2) developed a simple one-parameter thermal model, pre-
dicting the maximum feed rate as a function of beam power. An
analysis of groove depth and width was conducted for compos-
ite materials. Good agreement was obtained between model
predictions and experimental results (Ref 3, 4). Chryssolouris
et al. (Ref 4) presented a concept of three dimensional machin-
ing. Threaded and turned workpieces can hereby be produced
for carbon/teflon and glass/teflon materials.

2. Experiment

2.1 Experimental Setup and Materials

The laser beam (TEM00) was supplied by two CO2 laser
with 1000 and 1500 W. Focused spots were 0.17 and 0.25 mm
in diameter. Grooving experiments were conducted at beam
power levels of 350 to 1500 W in continuous mode and at scan-
ning velocities of 2.5 to 110 mm/s. A N2 gas jet flow coaxial to
the laser beam protects the focusing lens from debris and pro-
vides an inert environment for beam-material interaction.

To clearly illustrate the anisotropic characteristics of HAZ
of fiber-reinforced plastics, material of test specimens was
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laminated with UD prepreg laminates, carbon/epoxy, with fiber
volume fractions of 50%. Carbon/epoxy is 8 mm in thickness
(64 laminations) and 20 by 40 mm in area. The temperature of
decomposition for the carbon/epoxy determined by thermal
gravomatric analysis (TGA) is 360 °C (633 K), as shown in Fig.
1. The carbon/epoxy was prepared in a laboratory using the fol-
lowing process. The following steps, as shown in Fig. 2, pro-
duce test specimens: 1. Apply heating source upon laminates
from room temperature to 123 °C for 60 min under 150 psi. 2.
Continue to apply heating source from 123 to 183 °C for 120
min under 280 psi. 3. Cool laminates naturally from 185 °C to
room temperature under 280 psi.

Other composite materials of GlassMat/PP and GlassMat-
UD/PP used in this study were purchased from Strupp and
Wenckler in Germany. GlassMat/PP is chopped glass fiber re-
inforced PP. Conversely, GlassMatUD/PP is chopped glass fi-
ber reinforced PP, interlaminated by unidirectional glass fiber.
In this study, series of GlassMat20/PP, GlassMat30/PP, Glass-

Mat40/PP, GlassMat50/PP, and GlassMat20UD20/PP are
tradenames owned by Strupp and Wenckler. Tables 1 and 2 de-
scribe information about the specimen.

2.2 Experimental Procedure

Experimental parameters include the laser beam power, P,
and grooving velocity, V. Experiments were performed to ana-
lyze HAZ, varying the process parameters, that is, laser beam
power and traverse velocity. The relation between these pa-
rameters and HAZ will be discussed. Also, an energy density
parameter (P/V) was used to incorporate all process conditions
into one variable (Ref 5). This parameter relates the total
amount of energy received in unit grooving length. In this
study, it varies from 3 to 210 J/mm. 

The width, Wd, of the HAZ is examined by optical micro-
scope. Wd is the maximum width determined by the isotherm of
T = Tc, where Tc is the matrix char temperature. The experi-
mental results were then compared with the predictions.

3. Theoretical Analysis

3.1 Anisotropic Thermal Conductivity Models

In this research, thermal conductivity of the carbon/epoxy
was measured by the laser flash method utilizing a Holometrix
microflash instrument (Holometrix, Canada). This process
conforms to ASTM E 146-92, “Standard Test Method for Ther-
mal Conductivity of Solids by the Flash Method” for the meas-
urement of thermal conductivity (Ref 6, 7). Table 2 lists the
measured conductivities.

Fig. 1 Thermogravimetric analysis of carbon/epoxy Fig. 2 Curing procedure of unidirectional carbon/epoxy

Table 1 Specification of the investigated composite 
materials

Composite Volume fraction, Thickness,
materials Vfiber/Vmatrix , % D, mm Fiber type

Carbon/epoxy 50/50 8 UD Fiber (HTS)
GlassMat20/PP 8/92 3.5 Chopped fiber
GlassMat30/PP 13/87 3.5 Chopped fiber
GlassMat40/PP 19/81 3.5 Chopped fiber
GlassMat50/PP 26/74 3.5 Chopped fiber
GlassMat20UD20/PP 21.2/78.8 3.7 Chopped and UD fiber

Unidirectional, UD

Table 2 Properties of the investigated composite materials

Composite Volume fraction, Thermal conductivity, Latent heat of vapor (fiber) Composite conductivity
materials Vfiber/Vmatrix , % kfiber/kmatrix , W/mK Lv, kJ/kg k, W/mK

GlassMat20/PP 8/92 0.8/0.22 31000 kx = ky = kz = 0.241
GlassMat30/PP 13/87 0.8/0.22 31000 kx = ky = kz = 0.255
GlassMat40/PP 19/81 0.8/0.22 31000 kx = ky = kz = 0.273
GlassMat50/PP 26/74 0.8/0.22 31000 kx = ky = kz = 0.296
GlassMat20UD20/PP  

(90° grooving)
21.2/78.8 0.8/0.22 31000 kx = 0.243

ky = 0.265
kz = 0.243

Carbon/epoxy 
(90° grooving)

50/50 8.5/0.35 41000 kx = 0.67
ky = 4.50
kz = 0.67
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Chryssolouris et al. (Ref 3) presented a prediction model for
the extent of HAZ based on isotropic heat conduction, and
Springer and Tsai (Ref 8) defined an effective thermal conduc-
tivity for unidirectional laminates. The thermal conductivity
parallel to the fiber direction is obtained by the rule of mixture
(Ref 8), as shown in Fig. 3(a):

kparallel = Vfiberkfiber + Vmatrixkmatrix (Eq 1)

The existing micromechanical approach to predict the trans-
verse thermal conductivity of unidirectional fiber reinforced
plastics (FRP) from the properties of the constituents provides
(Ref 8), as shown in Fig. 3(a):

kseries = 
kfiberkmatrix

Vmatrixkfiber + Vfiberkmatrix

(Eq 2)

where Vmatrix and kmatrix denote the volume fraction and the
thermal conductivity of the matrix, whereas Vfiber and kfiber
stand for the corresponding properties of the fibers parallel to
their longitudinal axis.

In the case of GlassMat/PP, semiisotropic formation was as-
sumed in the study. The formula (Ref 9) is adopted to evaluate
the conductivity as shown in Eq. 3:

kmat = kmatrix 
(1 − Vfiber)kmatrix + (1 + Vfiber)kfiber

(1 + Vfiber)kmatrix + (1 − Vfiber)kfiber

(Eq 3)

The measured thermal conductivities for UD carbon/epoxy,
as listed in Table 2, can be precisely approached by Eq 1 and 2.
Therefore, they are chosen in this study to provide further rea-
sonable modifications to evaluate the conductivity of Glass-
Mat20UD20/PP. In the case of grooving 90° relative to the fiber
axis of GlassMat20UD20/PP, as far as the y-direction is con-
cerned, both volume fractions are connected macroscopically
in parallel. In the higher volume fraction, matrix and fiber are
connected in parallel in contrast to the GlassMat/PP connected
lower volume fraction, as shown in Fig. 3(b). Consequently, by
coupling both cases:

kx = 
kser ies + kmat

2
(Eq 4)

ky = 
kparallel + kmat

2
(Eq 5)

and

kz = 2 
kserieskmat

kseries + kmat

(Eq 6)

where kx, ky, and kz are conductivities in x-, y-, and z-axis, re-
spectively.

3.2 Heat Conduction Analysis

The study of anisotropic formation of HAZ in laser machin-
ing of fiber-reinforced plastics starts with a grooving along the
principal material axes in unidirectional laminates. First, an an-
isotropic semiinfinite body subject to a point heat source mov-
ing along the x-axis at velocity, V, is analyzed. The erosion
front is simplified, and the molten layer is assumed to have a
negligible thickness (Ref 3). The principal axis heat conduction
in the workpiece is governed by (Ref 10):

k1 
∂2T

∂x2
 + k2 

∂2T

∂y2
 + k3 

∂2T

∂z2
 = ρcp 

∂T

∂t
(Eq 7)

where k1, k2, and k3 are principal conductivities.
To obtain the temperature field, the following assumptions

were made:

• Three-dimensional heat conduction in the workpiece oc-
curs normal to the erosion front, and the beam/material in-
teraction results in complete material removal at the
vaporization temperature.

Fig. 3 Model of resistor. (a) Heat resistance of UD laminates
(Ref 3, 8). (b) Heat resistance of GlassMat20UD20/PP (90 
degree grooving)
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• The thermal properties measured by laser flash method are
independent of temperature. The secondary heat source
from oxidation reaction is neglected because of inert sur-
roundings.

• The evaporated material does not interfere with the laser
beam, and multiple reflections of laser radiation within the
groove are neglected.

• The energy used in the vaporization process is removed be-
fore significant heat conduction occurs.

For the current workpiece of a thin slab with thickness D, an
analytical solution will be sought under the assumption of no
heat conduction at the bottom surface, that is, ∂T/∂z = 0 at z =
D. However, the previously presented analytical model of infi-
nite body with ∂T/∂z = 0 at z = ∞ does not provide the desired
boundary condition at z = D. Hence a modification is needed to
satisfy the thin slab boundary condition. The mirror image
method can be employed for this purpose (Ref 11). The calcu-
lated temperature field is

T − T0 = −Φ0(x,y,z) + ∑ 

n=0

∞

[Φn(x,y,zn) + Φn
′ (x,y,zn

′ )] (Eq 8)

where Φ is temperature field function:

zn = 2nD – z zn
′  = 2nD + z n = 0, 1, 2, 3 (Eq 9)

In previous analysis, the location of the heat source is con-
sidered not at z = 0 as adopted. For accuracy and simplicity, the
heat source is assumed to move at groove depth (z0). Hence, the
temperature field can be obtained as follows:

T − T0 = 

ηPe 
vρcpx

2k1

2π(k1k2k3)1/2
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(Eq 10)

where

  γ = √x2

k1
 + 

y2

k2
 + 

(z − z0)2

k3

γ2n = √x2

k1
 + 

y2

k2
 + 

(2nD − (z − z0))2

k3
,

and 

γ2n+1 = √x2

k1
 + 

y2

k2
 + 

(2nD + (z − z0))2

k3
(Eq 11)

The extent of the HAZ is then determined by the isotherm of
the matrix char temperature. Iterations between the groove
depth and the extent of HAZ are carried out until the required
convergence is reached.

4. Results and Discussions

The temperature of decomposition for carbon/epoxy was
determined by TGA, as shown in Fig. 1. T = Tc can be inte-
grated into Eq 10. Tc = 633 K was taken in this simulation for
epoxy, where 5wt% of epoxy decomposition is occurred (see
Fig. 1), Tc = 438 K for PP, and Tc = 403 K for polyethylene
(PE) (Ref 12). The extent of HAZ can be solved with Eq 10. The
coefficient of laser absorption is assumed to be η = 1 (Ref 3).

As shown in Fig. 4, grooving perpendicular to fiber orienta-
tion of carbon/epoxy is more severely affected than grooving
parallel to fiber orientation in the current experiment. This is
explained by the fact that carbon fiber has a much higher ther-
mal conductivity than epoxy. In the case of grooving parallel to

Fig. 4 Prediction of heat affected zone for carbon/epoxy as a
function of the energy per unit length (Pr = 200 KPa)

(a)

(b)

Fig. 5 Calculated extent of heat affected zone for unidirec-
tional carbon/epoxy predicted by Eq 23 (P/V = 210 J/mm, Pr =
200 KPa). (a) Parallel grooving, fibers in x axis. (b) Perpendicu-
lar grooving, fibers in y-axis.
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fiber axis, the thermal conduction occurs mainly along the fiber
direction. Consequently, the thermal effect is dammed across
the fibers and limited to a narrow zone. Therefore, the resulting
HAZ is less extensive in the parallel grooving case than in the
perpendicular case.

Iterations for the extent of HAZ are conducted until a satis-
factory convergence is reached. The extent of HAZ is then de-
termined by the isotherm of the matrix char temperature
considering a range char temperature. Figure 5 shows the cal-
culated extent of HAZ.

The current tests and simulations show that HAZ is approxi-
mately proportional to the specific laser energy P/V (Fig. 4, 5).
The HAZ seems to remain constant as long as the workpiece
has to be grooved at a certain level of specific laser energy. The
simulations of HAZ for grooving carbon/epoxy and Glass-

Mat20/PP are compared with experimental results, as shown in
Fig. 4 to 6. 

The extent of HAZ as a function of V obtained by iterations
of Eq 10, as well as by experimental results is shown in Fig. 7.
It can be seen that HAZ is reduced by increasing the laser trav-
erse velocity, that is, the larger the velocity, the smaller the ther-
mal damage that will be produced.

Figure 8(a) shows the effects of various heat conductivities.
It reveals that HAZ increases with k, that is, the higher the con-
ductivity the larger the HAZ. Thus, in the case of grooving se-
ries of GlassMat/PP, grooving GlassMat50/PP produces the
largest HAZ. 

It is worth noticing that GlassMat/PP and GlassMatUD/PP
are more suitable for laser machining than carbon/epoxy be-
cause of the smaller conductivities, as mentioned previously.
The phenomena also can be seen in Table 2. GlassMat/PP and
GlassMatUD/PP have smaller conductivities in their y-direc-
tion than carbon/epoxy. Thus, grooving carbon/epoxy pro-
duces larger HAZ than GlassMat/PP and GlassMatUD/PP.

The influence of power on HAZ can be analyzed using Eq
10. The effects of various power levels are shown in Fig. 8(b).
It reveals that HAZ increases with P, that is, the higher the
power the larger the HAZ.

5. Conclusions

An analysis for the extent of the HAZ in laser grooving of
UD, Mat, and MatUD based on three-dimensional anisotropic

Fig. 6 Prediction of heat affected zone for GlassMat20/PP as a
function of energy per unit length (Pr = 300 KPa)

(a) (b)

Fig. 7 Prediction of heat affected zone for GlassMat/PP and GlassMatUD/PP as a function of velocity (Pr = 300 KPa, P = 1250 W). 
(a) GlassMat30/PP. (b) GlassMat20UD20/PP

(a) (b)

Fig. 8 Prediction of heat affected zone for GlassMat/PP as a function of conductivity and power (Pr = 300 KPa, P = 1250 W). 
(a) GlassMat20, 30, 40, and 50 /PP. (b) GlassMat30/PP
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heat conduction and moving point heat source has been estab-
lished. The analytical solutions include conductivity models
for anisotropic composite materials. Thermal properties of
composite materials for parallel and perpendicular grooving
relative to fiber orientation were measured by the laser flash
method and determined by the conductivity models for Glass-
MatUD/PP. Modifications by the mirror image method were in-
troduced to improve the prediction of the HAZ for workpieces
of finite thickness. This study produced a good understanding
of the various parameters that influence on the HAZ of laser
grooving of composite materials. The developed models show
good agreement with the experiments.
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