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Keywords Abstract: In this study, examining and correction thermal expantion induced errors

Milling, Thermal Error on CNC milling machine is aimed. In this scope, workpiece thermal expansion

Compensation, Finite Element  5¢tjtyde will be analysed with finite elements method on the CAD Model, and

Ana'ly51s(FEA), Computer A,lded workpiece will be revised according to the results of analysis. For revision process,

Design (CAD)/ Computer Aided . . . . .

Manufacturing (CAM) an 1nt§rface software is developed, making a relation .between computer aided
analysis modul and CAD modul. Thanks to CAM process implemented on new CAD
Model, a CNC part program that will correct the error is created. The reproducibility
of the performance of the correction process was investigated by processing
identical samples at different manufacturing environment temperatures. As a result
of studies machining errors reduced with a success rate of 84% for Al 7075(T6). By
the method developed, the workpiece’s dimensional error which thermally induced
can be minimized at any temperature without using climatised to ideal temperature
and isolated machining shops.

AL 7075(T6) Malzemenin CNC Frezeleme Isleminde Olusan Is1l Hatalarin
CAD/CAM ve Sonlu Elemanlar Analizi ile Diizeltilerek Iyilestirilmesi

Anahtar Kelimeler 0z: Bu calismada CNC frezeleme isleminde 1s1l degisimlerden kaynaklanan isleme

Frezeleme, Isil Hata hatasinin incelenmesi ve diizeltilmesi hedeflenmistir. Bu amagla is parcasi CAD

Indirgeme, Sonlu Eleman modelinin 1s1l genlesme/biiziilme davranisi sonlu eleman analizi (SEA) yéntemiyle

g:g&igﬁiﬁﬂﬁcﬁﬁ? analiz edilmis ve is par¢asi CAD modeli bu analiz sonug¢larina gore “imalat ortami

Bilgisayar Destekii imaiat hangi sicaklikta olursa olsun isparcasi tam boyutlarinda islenecek sekilde” revize

(CAM) edilmistir. Revizyon islemi i¢in bilgisayar destekli analiz modiilii ile CAD modiiliinii
entegre eden yeni bir yazilim gelistirilmistir. Bu yazilim ile 1s1l analiz sonuglari
dikkate alinarak isparcasi CAD modeli yeniden yapilandirilmistir. Revize edilmis
yeni CAD modeli lizerinde gergeklestirilen CAM uygulamasi ile hatay1 diizeltecek
alternatif CNC isleme kodlar: elde edilmistir. Ozdes numuneler farkli imalat ortami
sicakliklarinda islenerek diizeltme stratejisinin performansinin tekrarlanabilirligi
arastirilmistir. Yapilan ¢alisma sonucunda Al 7075(T6) malzeme i¢in %84 oraninda
basar1 ile isleme hatalar1 indirgenmistir. Gelistirilen yontemle talasl imalat
sektoriinde yiiksek boyutsal kalitede parga iiretebilmek i¢in halen kullanilmakta
olan, ortamin siirekli ideal sicaklikta (22°C) kalmasi i¢in klimatize edilmis ve
yalitilmis atélyeler olusturulmasina ihtiya¢ kalmayacaktir. imalat ortamlar1 hangi
sicaklikta bulunursa bulunsun yiliksek boyutsal tamlikta triinlerin liretimi ek
maliyetlere katlanmaksizin miimkiin olacaktir.
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Correction and Compensation of Thermally-Induced Errors in CNC Milling via Integrated CAD / CAM / FEA Operations for AL 7075
1. Introduction

Machining has an essential place among production techniques. The machining technique is used for the-finished
products, such as rolling and casting products which are brought into full production or brought to their final
dimensions. Commonly used machining methods are milling, turning, grinding, drilling, and planing machine
operations. Computerized Numerical Control (CNC) machine tools have been widely used in many industries
including molding, automotive, marine, aviation, biomechanical systems, defense, and space industry since it
increases the production speed and reduces the production costs. The CNC milling process has attracted
researchers due to its common usage. Tolerances and production speed are related to each other. Therefore, it is
very crucial to understand the relationship between these factors on product quality, production speed, and
productiveness.

In modern manufacturing conditions, lowering production costs and developing methods in order to increase the
dimensional accuracy of the workpiece are related to the machine tool errors [1]. The machine tool errors can be
classified as geometric errors, kinematic errors, dynamic errors, and thermal errors. The machine components
lead to the geometric errors. The relative movement of the machine components and mechanical or inertia
moment of the components of the machine may cause the kinematic and dynamic errors [2]. Thermal errors occur
because of deformation and expansion caused by the relative movement of the tool and the workpiece. There are
several methods used to increase machining precision and quality. Using high precision machining is a successful
way of high-quality machining but the main disadvantage of this method is to increase production costs. There are
some techniques such as a quality control to fix the errors on the continuous measurement. This process is also an
expensive way of production due to the processing time, raw material usage, and tool costs. Therefore, the error
compensation methods (ECM) are used to minimize the manufacturing errors arising from the structure of the
machine tool, processing conditions, and temperature differences [3].

Thermal errors, one of the most important sources of processing errors, make up 40% - 70% of the total error [4-
6]. In recent years, researchers have resorted to optimization methods, thermally optimized structures to
minimize thermal effects, place heat sources separately from the system, and use improved cooling techniques [7].
Three ways are used to improve the thermal performance of the machine tool; firstly, the structural improvement
for the thermal characteristic is to be made. In their process, symmetric constructions with simple coefficients of
thermal expansion must be constructed, and complex structures must be avoided [8]. The second is temperature
control. By controlling the temperature values and distributions of specific points, the resulting thermal
deformation of the working shaft is reduced. Temperature control can be done by installing a heating or cooling
system on the machine bench. Both systems reduce the thermal deformation in the intended machine tool and
compensate for the temperature distribution. A common method is to remove the heat generated by the spindle
and the various coolants. The third is the modelling and compensation processes of thermal deformation. This
method is used to increase machine accuracy during machining after completion of machine tool design and
production. In the initial stage, the temperature distribution and thermal deformations of the machine tool are
obtained by forming mathematical methods and thermal deformation model from experimental studies.

There are six sources of thermal effects: These are the heat released as a result of the cutting operation, the heat
generated by the machine, cooling and warming caused by the cooling system, changes in ambient temperature,
human interaction, the temperature of the previous process so all these effects described above make it difficult
to achieve a perfect error model [3, 6]. Due to the non-homogeneous temperature distribution in the machine
structure, thermal errors show a time-dependent nonlinear characteristic. The interaction between the location,
intensity, thermal expansion coefficient of the heat source and the configuration of the machine system causes a
complex thermal behavior to occur [9]. The most critical factor affecting the processing accuracy is the cutting
operation. The accuracy is affected by the chip depth. While heat production is low in finishing operations,
intensive heat production takes place as a result of course processing. This factor is more effective when the high
volume of the chip is removed than any other heat generating source. To solve the problem, the use of coolant in
high volume chip removal should be increased. Recently, high-speed machining and grinding techniques have been
used to remove chips by transferring chips instead of heat. One of the methods used to solve thermal error
problems is to use temperature-controlled chambers. However, keeping the temperature constant with this
method is both challenging and costly [9].

In modern manufacturing conditions, lowering production costs and developing methods in order to increase the
dimensional accuracy of the workpiece have great prospects. The various factors are geometrical and dimensional
errors, tool deformation and workpiece errors, thermal distortions, tool wear, and tool errors. Two main
approaches to improve workpiece metrology are used; modelling of workpiece-tool movements and interpolation
of the cutting tool position to reduce dimensional errors or alternative tool path generation approach [1]. The
limited amount of improvements in these methods has significantly increased production costs. Therefore, the
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error compensation technique at low cost is of great importance in increasing the processing accuracy of CNC [7].
The math model dependent error compensation software is widely used. Although mathematical model seems
successful, it may not be practical for every machining requirement. In other words, it is very difficult to construct
a high-accuracy mathematical model that overcomes the deficiencies of thermal error correction techniques
commonly used with these methods [3].

There are two limiting factors in error compensation operations; first, the thermal error model cannot provide
sufficient accuracy between temperature changes. The correctness of the generated thermal error model is
affected if high values of temperature changes are detected. These values must be eliminated. Significant
temperature changes may also be perceived incorrectly. Second, non-linear thermal deformations arise in a
continuously working machine tool, depending on the time, as processing conditions and environmental effects
vary. This mechanism makes machine tool deformations very complex and therefore, makes it difficult to predict
thermal source errors. As a result, the thermal improvement model is successful with the best indication of the
relationship between key temperature changes and thermal imperfections, which vary according to the location
of the heat source (such as motors, bearings, hydraulic system, ambient temperature) [10, 11]. Even though there
are two thermal error modes as expansion and bending, the presence of many different structural elements in the
machine tool and the different behaviors of these elements make it difficult to determine the thermal error mode
of the system. The most important problems encountered in thermal error compensation processes are; the
detection of the optimal temperature sensor position and the change in processing conditions can protect the
accuracy of the resulting thermal error model [12].

In error compensation exercises, the shifts in the components of the machine tool are mostly examined. Factors
affecting the accuracy of this process are the measurement of all relevant geometric error parameters, taking into
account the working time, taking precise measurements sufficiently, the effect of temperature changes taking place
within a short period [13].

Many researchers are mostly concentrated on real-time correction techniques because of the complexity of the
processing conditions. Real-time measurement and instant real-time correction (or compensation) must be
carried out for the detailed modelling of system behavior by the modification of G codes [14]. Most research
including error compensation methods has not yet gone beyond the laboratory conditions since they require
expensive hardware/software and the difficulty in adapting the methods to machine tool operating systems [15].
The disadvantage of real-time (direct) error compensation systems is the difficulty of taking and evaluating fast
and frequent measurements to catch sudden temperature changes. Delay in intervention to the system reduces
the accuracy of follow-up and correction of errors [16].

The existence and the continuous increase of many different types of CNC, with developing technology has resulted
in a large number of error models, and consequently, the error compensation processes are complex and costly
[17]. Alternatively, the climatization method reduces the influence of thermal errors to keep the environment at
22°C continuously by using various heating/cooling equipment such as air conditioning [16]. The climatization
processes face with difficulties when a sudden increase occurs in temperature for cutting forces, machine tool, and
components. Jianguo et al. [18] conducted thermal error compensation studies by using the CNC package
optimization model to detect temperature-sensitive points in the error model by dividing the temperatures into
two changing temperatures. The interactions of the errors during processing (heat source, thermal expansion
coefficient, the shape of the machine’s system, and changing ambient conditions) complicate machining process,
which makes it challenging to estimate errors with mathematical models [19]. Zhang et al. [20] developed a
simulation model of the vertical machining center by obtaining the temperature map and thermal deformation
model of the machine tool to increase the accuracy of the machine tools by thermal simulation. After comparing
the simulation and the experimental results, the validity of the finite element model has been proven. Wang et al.
[5] examined the reduction of the geometrical and thermal errors on different types of workpieces. They also
experimentally investigated the positioning errors in the three-axis machining center under different
temperatures by means of Newton’s interpolation method. Eksandrai et al. [14] investigated thermal errors by
using linear regression, Artificial Neural Network (ANN), and Fuzzy Logic methods. In order to reduce the thermal
error, the required data were obtained via laser interferometer. They calculated volumetric errors by considering
rigid body kinematics and modification of G codes. They observed that the thermal errors were reduced by 41%
on the workpieces. Miao et al. [21] identified the critical thermal points and measured the thermal errors in the z-
direction of the workpiece. The critical thermal points were determined by employing the Fuzzy Logic and Gray
Correlation methods. They experimentally measured the thermal errors at the critical thermal points at different
ambient temperature and spindle speed. Ma et al. [22] minimized the thermal error of linear axis with fixed-fixed
installation. They formulated the thermal error by considering the temperature of screw shaft and a trigonometric
function with horizontal position as its independent variable. Based on their results, they were able to reduce the
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repetitive positioning error by more than 45%. Fu et al.[23] proposed one K-means clustering and correlation
analysis-based selection method to acquire the optimal temperature-sensitive point combination for thermal error
modeling of machine tool spindle with the effects of different heat sources. They demonstrated that the the
prediction performance and the robustness of the thermal error model can be improved with in the consideration
of the optimal temperature-sensitive point combination.

Despite many different points of view in error compensation operations, the work is usually designed for specific
working conditions. Practical mathematical expressions are difficult to achieve in high-precision machining
conditions [5]. The internal and external heating/cooling sources on the machine tool and the elements that make
up the machine structure have different thermal expansion coefficients, causing thermal distortions [24]. The
underlying reason for the difficulty in thermal error compensation is that thermal errors are complex and not
linear [25]. In the offline model, which is commonly used in thermal error compensation processes, the
relationship between thermal deformation and several experimental temperatures is considered. It exhibits
substantial differences in thermal deformation due to temperature distribution and changing processing
conditions. Being able to create a correct and robust thermal error forecasting model is the most crucial part of
the compensation system [26]. Therefore, these errors should be modelled and reduced accordingly. Geometrical
and positional errors are often modelled by kinematic modelling and transformation matrix methods, but
modelling thermal errors is difficult [14]. The dimensional accuracy of a processed part depends on the accuracy
of the machine tool that processes it. No matter how new a machine tool is, it does not guarantee that dimensional
accuracy can be achieved over long runs. Positioning errors are dynamically dependent on factors such as
operating conditions, cutting forces, ambient temperature, tool wear, record carrier wear, vibration. The extension
of the processing time is changing these factors, and it is difficult to control the processing operations [27].
Establishing a correct mathematical model for the theoretical analyzes made to create the thermal error model in
the CNC machine is very difficult because the factors in processing are in excess and continuous change. The
thermal expansion coefficient of the machine elements and workpiece must be well known to reduce the thermal
errors due to the ambient temperature. Choosing an appropriate measuring system for the error source is
important. From external factors, the ambient temperature of the workbench changes slowly but this change
completely affects volumetric performance. The local deformations caused by the slides and beds in the
workbench partially affect the volumetric performance. It is difficult to estimate displacements resulting from
internal heat sources, and they change much more rapidly than environmental conditions [13]. In order to
eliminate the aforementioned issues above, a new approach must be developed to minimize the temperature
change in the CNC milling process. In this study, it is aimed to improve the dimensional accuracy of the CNC milling
process without using any additional equipment and decreasing the manufacturing speed. Also, the thermal
expansion/contraction behaviour of the workpiece CAD model is analyzed by means of the finite element method
(FEA). Moreover, the workpiece CAD model is modified based on the results acquired from the finite element
analysis. Therefore, the manufacturing environment can be processed at a high precision of the workpiece at any
temperature. A new software is developed to integrate the CAD module with the FEA module for the revision
process. This software reconfigures the workpiece CAD model taking into account the thermal analysis results.
The CAM application on the revised CAD model provides alternative CNC machining M-G codes to correct the error.
Reproducibility performance of the compensation strategy is investigated by machining identical samples at
different ambient temperatures. By using the recommended method, climatized and isolated workshops are not
needed for a standard CNC machine to produce parts with high accuracy. Grinding and finishing operations are no
longer required. Thus, the production speed is increased, and the production costs are reduced. The proposed
method reduces dimensional errors depending on variable ambient temperature.

2. Material and Method

The total thermal expansion value at the work piece is calculated based on the temperature distrubition along the
beam as shown in Figure 1.

AL=f a(AT) dx (1)
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Figure 1. Thermal extension mode of a beam [12]

Air-conditioned(climatized) production environments are used to bring the operating temperature to the ideal
temperature . As a result, the workpiece is manufactured which is larger or smaller than the required dimensions.
In this work, an approach has been developed in the error correction method to ensure that the manufactured
workpiece is at full dimensions regardless of the manufacturing ambient temperature. The first step is the thermal
expansion/shrinkage analysis to be performed on the CAD model of the workpiece by the finite element analysis
(FEA). This analysis determine whether the workpiece exhibits expansion or contraction behavior under the
current temperature conditions in the environment. In the second stage, the CAD model of the workpiece is revised
according to the FEA results. This revision is arranged on the new CAD model in a way that ensures that the
workpiece is at the ideal temperature and in the desired dimensions at the end of the CAM application. Figure 2
shows the flowchart for the error correction method. FEA is performed at eight different ambient temperatures,
except for the ideal temperature. FEA analysis is carried out by using ANSYS software, and the new workpiece
model is obtained after the analysis. The new workpiece achieved from the FEA is converted into a solid model in
the form of a point cloud with the help of Solidworks CAD program.
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Figure 2. Error correction method

2.1. Finite Element Method (FEM)

The displacement fields of the workpiece are determined by using ANSYS, commercially available FE software.
The workpiece is modelled by using a three dimensional 20-node SOLID 186 element (Fig. 3.)
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Figure 3. Element type SOLID186 used in FEM analyzes.

The geometrical description and finite element model of the workpiece are presented in Figures 4. and 5. The
workpiece is fixed along its left edge while the remaining edges are free of traction. The entire part of the
workpiece is subjected to a uniform temperature of varying from 2 to 42 °C. A smooth mesh structure was obtained
for the model part. The model is divided into 28 elements in the X direction, 15 elements in the Z direction and 18
elements in the Y direction. Figure 5 shows the FE model of the workpiece which is constructed based on the
convergence studies. Thus, the FE model of the work piece consists of 12,450 elements and 52,178 nodes.

10 100
|
(]
S
(9]
S
30

! 200
(a) (b)

Figure 4. Model Part dimensions (a) full model (b)side and top view

(@) (b)

(©

Figure 5. Model part mesh structure (a) side-view (b) top-view and (c) full model
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2.2. The transition of Solid Model from Finite Element Analysis

The results of the thermal expansion/shrinkage deformation of the test sample deformed by the heat effect at the
end of the thermal analyzes made in the ANSYS which are shown in Figure 6. The process to be performed after
this step is to transfer the results of the finite element analysis to solid or shell models to produce CAM codes. This
part establishes the most difficult phase of the developed method. For this reason, none of the commonly used
analysis programs (ANSYS, ABAQUS, etc.) can output in the format of dwg, prt, sldprt as the analysis result. This
problem has been solved using the Solidworks package program Scan to 3D and Prep Mesh Wizard. The thermal
analysis results from the ANSYS program were obtained as nodal points (point cloud) in the form of "igs" (Figure
6).

(c)

Figure 6. Temperature output of nodal point in igs format

It is crucial that there is no loss of data while switching to a solid model regarding error compensation in micron
levels. While solid model programs cover node points, they form a shell by combining a node point with its closest
neighbour. This method gives inaccurate results when working with the importance of dimensional accuracy. The
problem mentioned in this study was solved by manually selecting the interior of the point cloud set (Figure 7.)

Figure 7. Obtained shell point cloud from the node points

In the next step, the final solid model is obtained without losing data by knitting through the obtained shell point
cloud surfaces (Figure 8.). With the help of CAM session performed on this final solid model, the CNC part program
to process the part in its full dimensions is obtained.
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Figure 8. Final solid model for machining,

3. Experimental method and Results
3.1. Experimental equipment and application method

In experimental work, Fanuc O-M type control machine Taksan TMC-500V model CNC vertical machining center
is used to milling the workpieces. To increase the efficiency of the experimental study, the length and diameter of
the cutting tool are precisely measured with the Renishaw TS27R tool measuring probe on the CNC vertical
machining work table. Tool dimension measurement is performed several times for each tool. The aim here is to
capture the value of the tool received from the magazine with the least error. Workpieces are made of A17075(T6)
which is used widely in the aviation and automobile industry and has excellent surface quality. The general
characteristics are given in Table 1.

Table 1. Material properties of the sample

Material properties of Al 7075(T6)
Density 2.81 g/cm?
Yield Strength 503 MPa
Poison Ratio 033
Young’s Modulus 72 GPa
Thermal Expansion Coefficient 22.2x1076/°C

For the roughing of the test specimens, a @ 18 mm cutting tool with two cutting edges were used (MBC tool holder
and H490 E90AX-12 ISCAR double sided rectangular inserts with four helical cutting edges). For finish milling, the
Al7075(T6) is machined with 3 flute carbide end mills to prevent tool-chip bonding and chip evacuation for the
material (ECA-B-3 10-22C10-72 Model). Gewefa hydraulic tool holder is preferred to minimize misfire as a tool
holder in finish milling. Machine tool and workpiece temperatures precisely measured with the Fluke 568 IR
thermometer (Figure 9). This device can measure the temperature of materials with different emissivity
properties. First, rough machining is applied to the workpiece (leaving 1mm chip margin on the side surfaces).
Then the finishing process is done(once the appropriate temperature values are reached). Workpieces obtained
as a result of roughing and finishing machining are shown in the Figure 10.
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Figure 9. Infrared temperature gauge

Figure 10. Manufactured sample work parts

3.2. Experimental studies

Aluminium 7075, which gives good surface quality after machining, is used as workpiece material in the
experiments. The FEA analyzes for nine different temperature values have been rearranged, and the workpieces
have been processed with these generated codes depending on the ambient temperature. The dimensions of the
machined workpieces are measured precisely by the CMM (Coordinate Measuring Machine). Figure 11. The
measurements are made for five selected critical points, and the results are evaluated. Success rate is presented
by “%” taking the absolute value of the average of the three measurements performed under the same conditions.

A (30, 50, 30)
B (60, 50,30)
C (100, 50, 30)
D (160, 50, 30)
E (200, 50, 30)

Figure 11. CMM measurement points (A, B, C, D, E)

3.3. Error measurement due to temperature
The temperature-dependent error values for AlI7075(T6) at measurement point A are shown in Figure 12. The

mean error for the Al7075(T6) at the ideal temperature is measured as 7.5um. The most successful error
correction for A17075(T6) is 10um in 12°C test and 21um in 2°C worst-case error correction.
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Figure 12. Error measurement due to Al17075(T6) temperature for x=30mm
The temperature-dependent error values for A17075(T6) at measuring point B (60mm) are shown in Figure 13.

The average error for the Al7075(T6) at the ideal temperature was measured at 9um. The most successful error
correction for the Al7075(T6) is 5.5pm in 7°C and 11.7um in 2°C.

90 — w r

I 1. Experiment
80 r I 2. Experiment 1
[13. Experiment
I Uncorrected

Error (2 m)
[y} (8] =N wn
o < o (e}

,_.
=]

o

2 7 12 17 22 27 32 37 42
Temperature, 7 (°C)

Figure 13. Al7075(T6) temperature-dependent error measurement for x=60mm
The temperature-related error values for Al17075(T6) at measuring point C are shown in Figure 14. The mean

error for A17075(T6) at the ideal temperature is measured to be 10.6um. The most successful error correction for
the Al7075(T6) is measured 4um at 7 °C, the worst error correction at 32°C, 37°C and 42°C at 14um.
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Figure 14. Al7075(T6) temperature-dependent error measurement for x=100mm

The temperature-dependent error values for Al17075(T6) at point D are shown in Figure 15. The mean error for
the Al7075(T6) at the ideal temperature is measured to be 10um. The most successful error correction for
Al7075(T6) is 11.6pm at 27°C and the worst is 18.6um at 7°C.

90 — T T T T T
I 1. Experiment
80 r I 2. Experiment 1
[13. Experiment

I Uncorrected

Error (2 m)
[y} (8] =N wn
o < o (e}

,_.
=]

o

2 7 12 17 22 27 32 37 42
Temperature, 7 (°C)

Figure 15. Error measurement due to Al7075(T6) temperature for x=160mm

The temperature-dependent error values for Al7075(T6) at measuring point E are shown in Figure 16. The
average error for the Al7075 at the ideal temperature is 9.6pm. The most successful error correction for the
Al7075(T6) is 4.3um in the experiments at 27°C and 6.3um at 32°C, and the worst error correction is measured
at 12.6um at 42°C.
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Figure 16. Error measurement due to Al7075(T6) temperature for x=200mm

4., Discussion and Conclusion

The thermal effects on the work piece during the manufacturing process have been investigated by using various
devices and tools such as infrared cameras and computer software and hardware. In order to mitigate the influence
of the temperature changes, the thermal expansion coefficients of the machine components should be calculated
precisely a priori. The production of machine tools having different and complex geometries may be challenging
since the use of distinct thermal expansion coefficients and the thermal deformations of these elements. Advanced
microprocessors, various space systems, microscopes, and medical equipments play a major role to increase the
machining precision and combustion efficiency as well as to reduce the friction. Recently, modern machine tools
use advanced material technology to achieve approximately 0.005 mm precision. There are always limitations on
the improvement of the machine accuracy regardless of the quality of the machine tools. Therefore, it is crucial to
understand the error compensation process for the enhancement of the machine accuracy. For this process, the
machine tool should be placed in the air-conditioned room to be able to control the ambient temperature at the
desired levels.

In this study, G codes are modified by considering the ambiante temperature at which the work piece is processed.
The results show that the present approach for the thermal error measurement is in good correlation with the
experimental predictions. The temperature of the workpiece can increase by 100°C or higher depending on the
rough machining conditions in the milling operations, the cooling system, and the tool. This situation may lead to
undesired expansions in the workpiece and reduce the dimensional accuracy. In addition to minimization of the
machining errors, the present approach improves the dimensional accuracy of the workpiece by modifying the G
codes based on the desired temperature levels during rough milling process. As a result of the experimental
studies, the machining error is reduced from 88um to 14um with the success of 84% for Al7075(T6) material at
420C. Itis also noticed that the residual errors around 10-12um are present for all experiments. This indicates that
positioning errors in the machine axes are constant errors due to the servo motor errors and erosions in the slide
system. The error is measured at different temperature levels between 2 and 42°C. It is observed that the mean
error range was around 11pm. The maxium error (13.93 pm) is monitored at 2°C whereas the minimum error
(9.46 um) levels are noted at the temperature level of 22°C

The major advantage of this offline method is that it can be applied to all other milling machines without using any

additional equipment while other special milling machines need sophisticate sensor and high-end software. Thus,
itis obvious that the efficiency can be increased by applying the present approach to the milling machines.
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