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Thermal loading of fiber reinforced composites during traditional machining is inevitable. This is due to the fact that most of the mechanical
energy utilized in material removal is converted into heat, which is subsequently dissipated into the workpiece, the cutter and is carried away by
energy utilized in material removal is converted into heat, which is subsequently dissipated into the workpiece, the cutter and is carried away by
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concluded that 21% and 18.6% of the heat is evacuated through
the workpiece during milling and drilling operations,
respectively. More recently, Sheikh-Ahmad, et al. [11] carried
out more comprehensive work to estimate the heat partition in
edge trimming operation of CFRP using the inverse heat
conduction technique. The heat partition ratios into the
workpiece, tool and chips were found to be 0.07, 0.56 and 0.37,
respectively.
Nomenclature
Aw
N
Pe
Pm
𝑄𝑄̇
𝑄𝑄̇𝑐𝑐
𝑄𝑄̇𝑒𝑒
𝑄𝑄̇𝑡𝑡
𝑄𝑄̇𝑤𝑤
Rw
SSE
T
T
vf
Yi
Yj
c
fz
h
kx,y,z
𝑞𝑞̇ 𝑤𝑤
t




Projected contact area between cutter and workpiece
Spindle speed
Spindle electric motor power
Machining power
Total heat from thermal energy
Portion of heat carried by the chips
Portion of heat dissipated to the environment
Portion of heat conducted by the cutting tool
Portion of heat conducted to the workpiece
Heat partition ratio to the workpiece
Sum of the squares of error
Temperature of the GFRP laminate
Ambient temperature
Feed speed
Measured temperature history at location i
Measured peak temperature at location j
Specific heat of GFRP laminate
Chip per tooth
Heat transfer coefficient (convection)
Heat conduction of the GFRP laminate in orthotropic
directions
Moving heat flux applied to the workpiece
Time
Conversion efficiency of mechanical energy to
thermal energy
Electric motor efficiency
Density of GFRP laminate

Most of the studies discussed above were conducted on
CFRPs with little or no attention to composite parts made from
other common reinforcements, such as GFRP. Furthermore,
similar studies on GFRP were focused on measurement of
cutting temperatures and limited type of machining operations,
primarily drilling and milling. Woo et al. [12] established a
relationship between the cutting temperature and damage
during drilling and milling operations of woven GFRP. The
authors concluded that higher feed rates generated lower
cutting temperatures. Mkaddem et al. [13] predicted the
temperature field in the workpiece subjected to milling
operation with the finite element model. The authors
represented the cutter as a moving heat source along the edge
of the GFRP workpiece and assumed a Gaussian distribution of
heat imparted to the workpiece on the trimmed surface. The
authors successfully showed that the temperature distribution
in the workpiece could be obtained with a moving heat source
assumption for edge trimming operation.
This current study is an attempt to address the heat partition
problem in a glass reinforced epoxy composite subjected to
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trimming operation. The amount of heat evacuated through the
workpiece was estimated using an inverse heat conduction
method. The transient and direction dependent heat condition
problem in the workpiece was modeled using finite element
method. A uniform moving heat source was applied to the
workpiece in order to represent the energy source from
machining. Boundary temperatures on the workpiece surface
were measured with embedded thermocouples. The difference
between the measured and simulated boundary temperatures
was expressed in terms of objective functions which
minimization allowed the estimation of the heat flux conducted
to the workpiece.
2. Energy Conversion
It is widely accepted that most of the mechanical power
spent in machining, 𝑃𝑃𝑚𝑚 is converted into heat, which is then
partitioned by conduction, convection and radiation into four
regions, namely the workpiece (𝑄𝑄̇𝑤𝑤 ), cutter (𝑄𝑄̇𝑡𝑡 ), chips (𝑄𝑄̇𝑐𝑐 ) and
the environment ( 𝑄𝑄̇𝑒𝑒 ). The energy partition equation in
machining is expressed as,
𝑃𝑃𝑚𝑚 = 𝛼𝛼𝑄𝑄̇ = 𝑄𝑄̇𝑤𝑤 + 𝑄𝑄̇𝑡𝑡 + 𝑄𝑄̇𝑐𝑐 + 𝑄𝑄̇𝑒𝑒

(1)

𝑃𝑃𝑚𝑚 = 𝜀𝜀𝑃𝑃𝑒𝑒𝑒𝑒

(2)

where α represents the efficiency of conversion from
mechanical to thermal energy, which is assumed to be 95%. It
is noted here that this is a rather conservative conversion
coefficient inherited from the well-established theory of metal
machining [14]. No such coefficient is yet established for
machining fiber reinforced polymers, and the use of this value
is considered a good first approximation. The mechanical
power, 𝑃𝑃𝑚𝑚 can be determined by directly measuring the spindle
torque and rotation speed, or indirectly by measuring the
spindle electric power, 𝑃𝑃𝑒𝑒 using the expression,
where  is the efficiency of spindle electric motor.
3. Inverse Heat Conduction Method
Inverse heat conduction methods can be used to determine
heat flux and temperatures on an inaccessible surface by
measuring the temperatures on a remote accessible boundary
[15]. This technique has been used by different authors to solve
the heat partition problem in metal machining and grinding [1618]. To provide a robust solution, boundary temperature
measurements must be spread apart in order to capture the
spatial characteristics of the temperature distribution in the
object.
Fig.2 shows the heat transfer model used to simulate edge
milling of GFRP laminate. The heat diffusion problem in the
workpiece is 3-D nonlinear and transient as represented by the
heat conduction equation without internal heat generation:
𝜕𝜕

𝜕𝜕𝜕𝜕

(𝑘𝑘𝑥𝑥

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

)+

𝜕𝜕

𝜕𝜕𝜕𝜕

(𝑘𝑘𝑦𝑦

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)+

𝜕𝜕

𝜕𝜕𝜕𝜕

(𝑘𝑘𝑧𝑧

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

) = 𝜌𝜌𝜌𝜌

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(3)

The internal heat generation term was removed from the
general heat conduction equation and the heat from machining
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was treated as moving boundary condition, as explained below.
This provides a true representation of the physical problem.
The boundary conditions applied to the laminate are as follows:
• Heat is lost by convection on the top, bottom and machined
surfaces, using h1 and h2 on the respected surfaces as
indicated on the figure, where  is normal to the surface,
−𝑘𝑘𝜂𝜂 (𝑇𝑇)

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= ℎ(𝑇𝑇 − 𝑇𝑇∞ )

(4)

• A moving uniform heat source of magnitude 𝑞𝑞̇ 𝑤𝑤 represents
the heat flux conducted into the workpiece through the
machined surface,
−𝑘𝑘𝑥𝑥 (𝑇𝑇)

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 𝑞𝑞̇ 𝑤𝑤

(5)

• The remaining surfaces are assumed to be insulated and the
problem is subjected to the initial condition 𝑇𝑇(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) =
𝑇𝑇𝑜𝑜 at t = 0, where t is time.

Fig. 1. Model used for simulation of heat conduction in the workpiece. TCs
represent the location of thermocouples used for boundary temperature
measurement.

The heat transfer coefficient on the machined surface and
the top surface were set higher than the bottom surface (h1>h2)
because these two surfaces were subjected to more air
movement due to the suction from the dust collector and the
rotating tool. The heat transfer coefficients used in the current
simulation were h1 = 100 W/°K.m2 and h2 = 50 W/°K.m2. It is
worth noting here that the value of h did not greatly affect the
overall solution of the problem. This observation was also
reported by [16]. The GFRP laminate is assumed to be quasiisotropic and its bulk thermal properties are directional and
temperature dependent. Exact values of the bulk thermal
properties of the GFRP used in the present study were not
available. Instead, the values for a similar laminate were
obtained from [17] and are shown in Table (1).
Table 1. Bulk thermal properties of quasi-isotropic GFRP laminate [17]
Property

Units

T=300 oK

T=423 oK



g/cm

1.570

1.570

kx, ky
kz

W/m- K

0.89

0.89

W/m- oK

0.39

0.39

c

J/g- K

0.8882

1.301

3
o

o

The moving heat flux was assumed to be uniformly
distributed over the projected area of contact between the cutter

3

and the workpiece, which is 5mm wide and 8mm high. The
exact area of contact is actually cylindrical (quarter of a
cylinder). However, the projected area was used in the present
analysis for simplicity. During model development, linear heat
flux distribution was also tried and found to have negligible
effect on the results. Similar findings were also reported by
[16]. DFLUX user subroutine was utilized to introduce the
moving heat flux in the numerical simulation. The magnitude
of heat flux was determined by minimizing the objective
functions in equations (6) and (7) over time and space domains,
respectively:
2
𝑆𝑆𝑆𝑆𝑆𝑆1 = ∑𝑛𝑛𝑖𝑖=1 ∑𝑚𝑚
𝑡𝑡=1(𝑌𝑌𝑖𝑖 (𝑡𝑡) − 𝑇𝑇𝑖𝑖 (𝑡𝑡))

(6)
2

𝑆𝑆𝑆𝑆𝑆𝑆2 = ∑𝑙𝑙𝑗𝑗=1 ∑𝑘𝑘𝑥𝑥=1(𝑌𝑌𝑗𝑗 (𝑥𝑥) − 𝑇𝑇𝑗𝑗 (𝑥𝑥))

(7)

where Yi is measured temperature history and Ti is simulation
temperature history for thermocouple location i and Y j is the
measured peak temperature and Tj is the simulated peak
temperature at location x for thermocouple location j.
Numerical model for the workpiece was developed in
Abaqus/Explicit. The element type used for the workpiece was
DC3D8 (thermal analysis), a 3D 8-noded linear heat transfer
brick type element, and 60000 elements and 68541 nodes were
used. Fine mesh with element size 0.25x1x1mm3 was used in
the steep thermal gradient region and a coarse mesh of size
2.5x1x1mm3 was used for the remaining regions. This mesh
size was verified to provide a reasonable compromise between
numerical convergence and computational time. Convergence
of the solution of an explicit problem also relies on the time
increment. This convergence was examined by adjusting the
time increment implemented in Abaqus solver. It is was
determined that a time increments of 0.01 second guaranteed a
converging solution with adequate accuracy [11].
4. Experimental Methods
Edge trimming experiments were conducted on a 3-axis
CNC router to generate cutting data for validating the
numerical model. Fig. 2 shows photo of the experimental setup
where a 500 mm long, 8 mm thick GFRP laminate was clamped
to the machine table so that the long side can be trimmed along
the edge in a climb cutting configuration. The GFRP laminate
was fabricated by hand layup of plain-weave E-glass prepreg
with the fiber orientation [0/90o], vacuum bagged and then
autoclave cured. The fiber volume fraction was approximately
40%. The spindle speed and feed speed utilized were varied
according to the parameters shown in Table 2, while the radial
depth of cut was kept constant at 5mm. The cutter used was a
2-flute PCD milling tool with 10mm diameter, 100 mm total
length and 12 mm flute length. The rake and clearance angles
of the cutting edge were 0 and 15o, respectively, and the initial
nose radius was 12 m. Electric power required for machining
was measured by a Load Control fast response power meter
wired in line with the spindle motor. The net electric cutting
power was calculated as the difference between the average
spindle power during cutting and idling. The sampling rate for
the power signal was 5kHz. The noise to signal ratio during
cutting was in the order of 0.15. Measurements of boundary
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temperatures were made by thermocouples mounted on the top
surface of the laminate, approximately halfway as shown in
Fig. 2. This allowed for the temperatures to reach steady state
by the time the cutter passed by the thermocouples.
Thermocouple beads were placed in 1.0 mm diameter, 1.5 mm
deep holes drilled on the top surface at specific locations from
the machined edge. The holes were filled with thermal
conductive paste before inserting the thermocouple wires and
the holes with beads in them were covered by adhesive tape to
protect them from being sucked by the dust collection port.
Gage 36, type K sheathed thermocouples were used in the
experiment. The sampling rate for the thermocouples signals
was 2Hz.
TC beads covered
by tape

500 mm

Spindle

Laminate

Cutter

TCs
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5.2. Determination of heat flux into the workpiece
Figure 4 shows the simulated peak temperatures along a line
perpendicular to the machined surface for different values of
heat flux 𝑞𝑞̇ 𝑤𝑤 as indicated in the figure caption for the cutting
condition 8000 rpm and 800 mm/min. It is evident that the
simulated temperature gradients accurately capture the
experimental trend with some variations in magnitude
according to the value of the applied heat flux. The exact
amount of 𝑞𝑞̇ 𝑤𝑤 for the best match between experimental and
simulated histories for this cutting condition was determined
by minimizing the objective functions in Eqs. (6) and (7) while
the heat flux magnitude was varied systematically. It was found
that a minimum difference between the simulated and
experimental temperature gradients is obtained when 𝑞𝑞̇ 𝑤𝑤 =
237.5 mJ/mm2.s. The sum of the squares of the differences in
this case was 54 oC2, as evaluated by Eq. (7). Table 3 shows the
resulting heat flux applied at each cutting condition for
obtaining minimum values of the objective functions as
discussed above. The confidence intervals shown in the table
represent the range of the heat flux results (or standard
deviation, when applicable) obtained for each condition from
the two experiment repeats and two optimization functions.

Machined edge

Down milling

Fig. 2. Setup for edge milling experiments.
Table 2. Experimental conditions
Parameter

Values

Spindle speed, rpm

4000, 8000

Feed speed, mm/min

400, 800

Feed per tooth (mm/z)

0.025, 0.05, 0.10

5. Results and Discussion
5.1. Boundary temperatures
Figure 3 shows the temperature history for the surface
mounted thermocouples when cutting with spindle speed of
8000 rpm and feed speed of 800 mm/min. Similar histories
were obtained for the other cutting conditions. The temperature
at each location rises rapidly as the tool passes by and then
decreases slowly due to cooling. The peak temperature for each
location is closely related to its distance perpendicular to the
machined surface. The peak temperatures are also not aligned
due to lags in heat conduction and due to misalignment of the
holes drilled for the thermocouples. It is noted that once steady
state is reached, these characteristic temperature histories
exhibit the same behavior at different locations on the laminate
surface which are at similar perpendicular distances from the
machined surface. Figure 4 shows the measured peak
temperatures for two repeats at the same cutting condition as a
function of the perpendicular distance from the machined edge.
It can be seen that the two repeats of the experiment produce
similar temperatures and that the temperature gradient
perpendicular to the machined edge follows a 3-parameter
lognormal distribution function [11].

Fig. 3. Temperature history for the combination 8000 rpm, 800 mm/min.
Numbers in parentheses show TC location from the machined edge.

Fig. 4. Comparison between measured and simulated peak temperatures at
different distances from the machined edge. The correct flux is 237.5
mJ/mm2.s

The portion of the total heat conducted to the workpiece is
determined by multiplying the heat flux by the projected
contact area,
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𝑄𝑄̇𝑤𝑤 = 𝑞𝑞̇ 𝑤𝑤 ∙ 𝐴𝐴𝑤𝑤

5

(8)

Finally, the energy partition ratio, Rw is determined by
dividing the portion of heat conducted to the workpiece by the
total power,
𝑅𝑅𝑤𝑤 =

𝑄𝑄̇𝑤𝑤

(9)

𝜀𝜀𝜀𝜀𝑒𝑒𝑒𝑒

The spindle electric motor efficiency,  was assumed to be
80%.
Table 3. Minimum values of heat flux applied to the machined surface for
each cutting condition.
N (rpm)

vf (mm/min)

fz (mm)

8000.0

400.0

0.025

𝑞𝑞̇ 𝑤𝑤 (mJ/mm .s)

8000.0

800.0

0.05

237.5±34.2

4000.0

800.0

0.1

166.7±58.5

2

200.0±20.9

Table 4 lists the energy partition to the workpiece for the
different cutting conditions used in this study. The confidence
intervals shown for the electric power represent the range of the
experimental data. The confidence levels for Q w and Rw
represent the uncertainty in these calculated quantities
according to the analysis shown in Appendix A. It can be seen
that only a small fraction of the total heat is conducted to the
workpiece (3 to 7%). This is mainly due to the poor thermal
conductivity of the GFRP material and the excellent
conductivity of the PCD tool, which allows most of the heat to
be channeled away by the cutter [11]. As shown in Fig. 5, the
heat partition Rw decreases with an increase in the feed per
tooth, with the highest value occurring at the smallest feed per
tooth (i.e. smaller feed speed and higher spindle speed).
Furthermore, the effect of feed speed on Rw is more profound
than the effect of the spindle speed. This attributed to two
reasons. First, lower feed speeds allow more time for heat to be
conducted into the workpiece. Second, larger feed per tooth
allows for more heat to be carried away by the chips, thus
reducing the heat load on the workpiece. Compared to CFRP
edge trimming, the heat partition to the workpiece was found
to be 7% at a spindle speed of 8000 rpm and feed speed of 500
mm/min [11]. Compared to similar material removal processes
in metals, we find that the heat partition into GFRP and CFRP
is very small. [18] determined the heat partition into the
workpiece in the dry milling of steel to vary with undeformed
chip thickness from 10% to 50%. [19] determined this partition
in face milling of 4340 steel to be 35%. Both of these works
utilized an inverse heat conduction method to determine the
heat partition.
Table 4. Energy partition into the workpiece for the different experiments
Rw

(W)

𝑄𝑄̇𝑤𝑤

(W)

0.025

184.5±5.04

8.3±0.0

0.07±0.007

0.05

324.7±1.78

9.6±1.0

0.04±0.006

0.1

311.4±3.72

6.9±2.1

0.03±0.010

N

vf

fz

Pel

(rpm)

(mm/min)

(mm)

8000

400

8000

800

4000

800

Fig. 5. Variation of the heat partition ratio Rw with cutting conditions.

5.3. Estimation of machined surface temperature
Fig. 6 shows the temperature distribution in the GFRP
laminate when cutting at 8000 rpm and 800 mm/min. This
temperature distribution was obtained by applying the
estimated heat flux to the workpiece as described in section 5.2
(i.e. 237 mJ/mm2.s). It can be seen that the heat penetration in
the workpiece is very shallow due to the low thermal
conductivity of GFRP. At the cutting zone, the maximum
temperature occurs in the region of application of the heat flux
just behind the center of the cutter. The maximum machined
surface temperature was found to be 178 oC. Furthermore, it
was found that the machined surface temperature decreased
linearly with the feed per tooth. For all cutting conditions, the
estimated maximum temperatures were below the glass
transition temperature of the epoxy. Due to these relatively low
temperatures and the short exposure time, thermal machining
damage is not expected for the machining conditions used in
this study [20].
10 mm
Top surface of laminate

Machined edge

Location of cutter axis
Fig. 6. Contours of the temperatures in the machined workpiece for edge
trimming at 8000 rpm and 800 mm/min.

6. Conclusions
An inverse heat conduction method was used to determine
the heat partition and temperature distribution in edge trimming
of GFRP with a PCD cutter. A three dimensional numerical
heat conduction model was used to represent the workpiece and
the heat flux applied was estimated by minimizing the
difference between measured and calculated boundary
temperatures. Conclusions drawn from this work are:
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1. Inverse heat conduction method is an effective and
efficient technique for determining the heat partition in
machining GFRP.
2. The portion of heat conducted to the GFRP workpiece
was very small and varied with feed per tooth from 3%
to 7%.
3. The portion of heat conducted to the workpiece was
more sensitive to changes in the feed speed than
changes in spindle speed.
4. The temperature of the machined surface was estimated
to be below the glass transition temperature for all
conditions used in the study.
Appendix A. Uncertainty Analysis
This appendix discusses uncertainties in the results due to
experimental errors and uncertainties in thermal properties.
The calculations of uncertainties were performed according to
the analysis presented in [21].
For estimating uncertainty in the heat flux, a close form
solution of the heat conduction equation (3) is required.
However, such a solution is not available. Alternatively, we can
get an idea about the uncertainty in the solution by solving the
simple one dimensional heat conduction problem. This
estimation of error might be valid to some extent because the
material is isotropic in the xy plane and the measurement of
boundary temperatures is performed in this plane perpendicular
to the machined edge. So, at any given instant, the heat
conduction problem could be viewed as being one dimensional.
The governing equation for one-dimensional steady state
heat conduction is given by:
qw = -kT/x = -k T/x
The uncertainty in qw because of the variation of the
different terms is then given by the expression,
qw = qw [(k/k)2 + (T/T)2 + (x/x)2]1/2
where k, T and x are uncertainties in thermal conductivity,
measured boundary temperature and location of the
measurement point, respectively. If a 10% uncertainty occurred
in each of the terms, the uncertainty in heat flux would be
17.3%. The uncertainty due to variation in k alone is given by:
qw = k.
Similarly, the uncertainties in Qw and Rw are expressed as:
Qw = Qw [(qw/qw)2 + (A/A)2]1/2 = qwA, and
Rw = Rw [(Pe/Pe)2 + (Qw/Qw)2]1/2
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