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Abstract. In current manufacturing processes, 5-axis machining centers play an important role machining parts with 
complex geometry and that require high dimensional accuracy. This research aims to develop an efficient method to 
simulate the thermal-structural performance of a 5-axis machining center, through the study of their main 
subassemblies such as ball screw system, linear guides and spindle under real load conditions. The methodology was 
based on an experimental survey of the machine’s thermal behavior using temperature sensors and thermal imaging, 
with simultaneously numerical validation using the Finite Elements Method (FEM), under adequate boundary 
conditions. The temperature gradient at predetermined periods could be obtained by FEM, through an interface model 
that includes frictional contact, heat exchange in the contact area, frictional heating and convective heat exchange. 
The results of the simulations show that the methodology is an effective tool to determine the thermal field of the 
machine correlating the reading of temperatures at strategic points obtaining a maximum error of less than 9.6%. The 
conclusion is that the method, when appropriate boundary conditions are considered, is a proper feature for 
simulating the machine thermal behavior, which can still be used in the design phases of the equipment. 
 
Keywords: 5-axis machining center, finite element method, thermal field measurement, thermal field simulation, 
friction heat generation. 

 
1. INTRODUCTION 
 

Errors in manufacturing processes should be minimized to supply products with high precision and proper quality. 
These errors include geometric errors of machine components, thermal errors induced by temperature variations, 
deflection errors caused by cutting forces, servo errors of the machine axis, NC interpolation algorithmic errors, and 
others (Lee et al., 2003). Among those, thermal errors account for 40-70% of the total errors (Ramesh et al., 2000). In 
this scenario, numerical methods have been proved to be powerful tools to simulate heat transfer and thermoelastic 
behavior of machine tools, in which temperature fields and thermal deformations are difficult to measure due to the high 
complexity of the machine tool structure (Zwingenberger et al., 2008). Numerical models validated through 
experimental results may reduce the time and cost associated with multiple experiments (Liu et al., (2017). 

The finite element method (FEM) allowed an in-depth analysis of the machine tools’ thermal behavior under the 
influence of heat sources present both inside and outside the machine structure. Additionally, the effect of the structural 
components individually could be examined by FEM, both those incorporating the heat sources, as well as those subject 
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to the influence of external heat sources, i.e. by varying the ambient temperature (Großmann, K., 2015).  Finite element 
formulations for the frictional contact and frictional heating based on classical Coulomb-type friction have been 
discussed in Wriggers and Miehe (1994).  Xu et al., (2011) established the thermal deformation FEM model of the ball 
screw of a machine tool to predict and to compensate the thermal error caused by the frictional heating. Xu et al. (2007) 
studied the influences of the bearing temperature on the heat transfer of machine tools and improved the accuracy of the 
FEM thermal error model. In 2007, Zhao et al. established the thermal deformation of the spindle to predict and to 
compensate the thermal error caused by the spindle heating during operation. Zwingenberger, et al., (2008) 
experimentally monitored the temperature fields of a 4-axis machining center using temperature sensors located at 
strategic points in the machine. The known temperature results allowed to numerically simulate the machine behavior 
by the finite element method. Großmann et al., (2013) presented a thermal efficiency simulation technique for a vertical 
machining center under various rotational speeds using FEM. The temperature field distribution, the mechanism and the 
shape of the thermal deformation were analyzed. The simulation of the thermal deformation of the machine presented 
characteristics consistent with the results experimentally obtained. Souza (2013) used the finite element model of a 3-
axis machine tool to virtually evaluate the efficiency of a ball bar system to predict thermal displacements. Xu and Li 
(2017) analyzed the thermal coupling of a ball screw system with internal cooling of a boring-milling machining center 
through finite element modeling. The thermal boundary conditions were obtained through empirical relations. Thermo-
elastic models that can be simulated for the overall system consisting of machine tool, process and environment are 
required designing compensation solutions, the evaluation of thermo-elastic behavior and the correction of 
thermoelastic errors during machine tool operation (Feng et al., 2015). 

This research aims at developing an efficient method to simulate the thermal-structural performance of a machining 
center and their subassemblies under real load conditions. This method can be an important tool to evaluate the thermal-
structural behavior still in the design development phases, complemented by the calculation algorithm, the modeling, 
simulation and evaluation process that can be completely executed at the FEM system level. For calculating the 
thermal-structural system behavior, ANSYS provided several coupled-field elements (such as SOLID226). This enabled 
strong coupling of the thermal and structural engineering field problems to model the heat transfer occurring on the 
contact surface. First, to analyze the thermal-structural problem, the exclusive thermal field was calculated in process, 
including kinematics. 
 
2. EXPERIMENTAL PROCEDURE 
 

The machine studied was a 5-axis horizontal machining center installed in an environment with ± 2 °C controlled 
room temperature (Fig. 1). The objective of the experimental stage was to take the complete thermal profile of the 
machine under different working conditions, using temperature sensors and thermal imaging. Next, a model of the 
machine and its subsystems was developed using the finite element method with validation for all the analyses 
experimentally performed. 

 
 

 
 

Figure 1. (a) Schematic of the machining center kinematics studied, (b) photo of the machining center installed in 
the technological application center - TAC. 
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For surveying experimental data which served as a reference for validating the model in finite element of the 
machine, three testing stages were carried out. In the first stage, only the X-axis slide unit was moved at a speed of 30 m 
per minute for 6 hours. At this stage, the thermal behavior of the ball screw nut and the linear guide rail were evaluated. 
At the second stage, only the spindle was moved with a rotational speed of 16,000 rpm, whereby it was possible to 
evaluate the thermal behavior of the spindle tip for 6 hours. At the third stage, the three linear axes X-Y-Z and the 
driver spindle were moved at speed of 30 m/min. and 10,000 rpm respectively, for a total period of 4 hours, which 
allowed evaluating the thermal behavior of the complete machine. A 14-hour interval was taken between each cycle, by 
stopping the machine to return it to room temperature. The strokes and speeds tested are shown in Table 1. 

 
Table 1.  Experimental conditions 

 

X-axis speed Y-axis speed Z-axis speed Spindle rotational speed 

30 m/min 30 m/min 30 m/min 16,000 rpm ; 10,000 rpm 

X-axis stroke Y-axis stroke Z-axis stroke
---- 

800 mm 950 mm 1020 mm 
 

Fifteen temperature sensors were installed and distributed at strategic points in the machine structure. Figure 2 
illustrates the exact placement of the fifteen installation points of the sensors. Sensor T14 was submerged in the coolant 
tank of the machine to monitor the thermal behavior of the coolant passing through the base of the machine. The room 
temperature monitoring sensor T15 was installed outside the machine to avoid any influence. An infrared camera was 
also used to monitor the temperature at difficult access points. Fig. 3 shows the temperature sensor T2 installed on the 
X-axis ball screw motor bearing flange (a) and its thermal imaging (b). 

 

 
 

Figure 2. Installation placement points of the fifteen thermocouples in the machine tool. 
 

 
 

Figure 3. (a) T2 - thermocouple installed on the X-axis ball screw rear bearing, (b) and its thermal image. 
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The subsystems analyzed in this research were the linear guide and ball screw from the X axis (a) and the spindle 
(b), as indicated in Fig. 4. 

  

 

 

Figure 4. (a) X-axis ball screw and linear guide system, (b) spindle.  
 
3. NUMERICAL PROCEDURE 
 

ANSYS Workbench (WB) and Classic ANSYS Parametric Design Language (APDL) were used to model and to 
validate the transient thermal behavior of the machining center. For the purposes of this work, the use of the finite 
element method (FEM) as an important method of predicting thermal errors is based on the following simplifying 
assumptions: 

• The grooves in the ball screw axis were disregarded; hence, the axis is a solid cylinder. 
• The friction coefficient between the nut and the ball screw shaft, as well as between the bearings and the shaft, 

have constant value according to the manufacturer’s specifications. 
• Heat generation due to frictional dissipation. 
• Frictional dissipated energy generates the heat to both the contact and target surfaces. 
• The convective coefficient was previously calculated in ANSYS CFX, considering the forced convection 

during the axis movement. 
The general considerations for the analyses were as follows: 
• Base material: Steel St37-2 – DIN 17100. 
• Ball screws shaft and linear guide rail material: Carbon steel AISI 52100 – DIN 17230. 
• Slide units housing material: Ductile cast iron GGG-60 – DIN 1693-1/2. 
• Total analysis interval: 0 to 21,600 s. 
• The thermal mapping of the machine was considered every 360s. 
• Thermal boundary conditions (BC): Heat generation by friction between the machine sliding elements. 

To implement the modeling of heat generation due to friction, the functions available in ANSYS were combined, i.e. 
Workbench and Classic. This methodology is useful since it is possible to approach the structure of the existing problem 
more heuristically in ANSYS-Workbench, which is similar to a CAD program. Subsequent processing in ANSYS-
Classic is necessary for the coupled transient thermal-structural analysis; however, it simultaneously enables the 
execution of exact and reproducible simulations due to the implementation and application of APDL scripts. The 
investigations aimed at integrating the physical interaction of stationary and moving assemblies into simulation. Since 
defined translational kinematic profiles were mapped, the model structure was known at all points during the analysis, 
so that the heat flow caused by friction could be manually applied as the Coulomb-type boundary condition to the 
contact zone. Also, the model structure was identified through the ANSYS element technology oriented to contact 
mechanics (such as CONTA174 and TARGET170), which later defined the heat flow exchanged by conduction through 
the temperature conditions shown in the contact zone. For the three subsystems analyzed in this research, such as ball 
screw, linear guide and spindle, three CAD models were developed to represent the geometries of the parts in contact 
according to the actual design of the respective components. Figure 5 shows the scheme of the contacts created in the 
ANSYS for friction generation, being (a) contact between the rail and the carriage of the linear guide, (b) contact 
between the nut and the ball screw shaft, and (c) contact between the bearings and the motor inside the spindle. 
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Figure 5. Schematic of the thermal contacts created in the ANSYS for the frictional heat generation. (a) linear guide, (b) 
ball screw, (c) spindle. 

 
Figure 6 shows the finite element mesh created for the linear guide, ball screw and spindle. The mesh control was 

mainly conducted through meshing the basic area and had to be performed according to the physical requirements of the 
system to be simulated. In this case, a very fine meshing of the thermally active contact regions was produced. The 
Coupled-Field elements required for the motion are currently only available in ANSYS Classic, therefore requiring an 
APDL script to implement it in ANSYS Workbench. 

 

 
 

Figure 6. Finite element mesh generated for subsystems (a) linear guide, (b) ball screw, (c) spindle.  
 

The type of element used in the linear guide meshing was the 20-node hexahedron with element size of 20 mm in 
the rail, and 10 mm in the carriage. At an X-axis slide unit speed of 30 m/min., the heat rate at the contact between the 
carriage and the rail reached 18 W, with a friction coefficient, μ = 0.35. The convective heat transfer coefficient at the 
rail surface was 20 W/m2K. 

For the ball screw system, at an X-axis slide unit speed of 30 m/min., the heat generated at the contact of the nut 
with the shaft reached 48 W with friction coefficient equaled to 0.38. The heat rate in the front bearing reached 12 W, 
while the heat rate in the rear bearing reached 17 W. The convective heat transfer coefficient between the shaft surface 
and the ambient was 42 W/m2K, and at the nut surface was 34 W/m2K. The corresponding finite element meshing was 
composed of a 10-node tetrahedral element type, and a 10-mm element in the shaft, and 15-mm in the nut.  

For the spindle model, the heat generated in the rear bearing equaled 147 W, the heat generated in the front bearing 
equaled 93 W and the heat generated in the motor equaled 342 W, with a spindle rotational speed of 16,000 rpm, 
considering the surrounding air. The front bearing displayed a restriction to the axial displacement to decrease the effect 
of the spindle tip expansion, whereas the rear bearing moved freely in the axial direction. The forced convection heat 
transfer coefficient on the outer surface of the calculated spindle tip was 58 W/m2K. The spindle finite element meshing 
consisting of a 10-node tetrahedral mesh with 20-mm elements was used. 
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4. RESULTS AND DISCUSSION 
 
Figure 7 graph demonstrates the measurement and simulation results at one measurement point on the rail for the 

first 6 hours of rail heating due to operation. The carriage moved back and forth at a constant velocity of 30 m/min. 
between the end points of an 800-mm stroke. Model adjustment, particularly quantification of the boundary conditions, 
such as moving friction and thermal conduction to the coupling structures, was conducted through experimental 
measurement values for heat build-up over the longer term. The temperature curves as a function of time (see Figure 7) 
confirmed that the model had accurately mapped the heat build-up on the rail. The final temperature obtained in the 
linear guide trail by FEM was 27.79 °C, whereas the temperature experimentally obtained was 27.20 °C with an error of 
2.1%. 
 

Figure 7. Comparison of the thermal behavior of the linear guide: experimental sensor reading T13 versus 
temperature predicted by FEM analysis. 

 
Figure 8 graph illustrates the comparative evolution of the thermal behavior during the experimental measurements 

with the numerical analysis during a 6-hour operation with 30 m/min. speed. Note that the ball screw nut temperature 
rose as a function of time, and that the value obtained with the simulation precisely coincides with the value 
experimentally obtained (see Figure 8). This increase in temperature was due to the heat generated by the friction 
between the nut and the ball screw shaft contact in the round-trip displacement through an 800-mm course. The final 
temperature obtained in the linear guide trail by FEM was 35.30 °C, whereas the temperature experimentally obtained 
was of 34.70 °C, with an error of 1.7%. 

Figure 9 shows the graph of the comparative evolution of the thermal behavior during the experimental 
measurements and the numerical analysis during a 6-hour operation with a 16,000-rpm speed. Note that the 
experimentally measured temperature increased quicker than the temperature obtained through the simulation. This is 
due to the need to adjust the forced convection thermal boundary condition at spindle tip. However, observe that both 
temperatures virtually reached the same final temperature. The final temperature obtained in the spindle tip region by 
FEM was 40.89 °C whereas the temperature obtained experimentally was 39.40 °C with a relative error of 3.8%. The 
largest errors occurred at the beginning of the analysis since the thermal stabilization in the simulation occurred more 
slowly. In the first thirty minutes, the maximum error reached 8.6%. 
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Figure 8. Comparison of the thermal behavior of the ball screw nut: experimental sensor reading T1 versus FEM 
temperatures predicted by simulation. 

 

 
 

Figure 9. Comparison of the thermal behavior of the spindle: experimental sensor reading T10 versus temperature 
predicted by FEM analysis. 

 
After validating the temperature fields for the X-axis ball screw, linear guide and spindle, the thermal boundary 

conditions, as well as the friction contacts modeled in the previous simulation, were reproduced in the transient thermal-
structural analysis of the entire machining center for the third stage experimental cycle performed. In the FEM machine 
model, 409,786 second-order tetrahedral elements were used, totaling 737,629 nodes with element size of 50 mm in the 
machine structure, 40 mm in the worktable, and 25 mm in the slide units (see Figure 10). The ten-node tetrahedral 
elements of 10 mm were used around the contact surfaces to ensure more accurate results. 
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Figure 10. Machining center FEM analysis (a) finite element method mesh, (b) FEM predicted temperature field. 
 

The temperature curves experimentally read by nine sensors are shown in Figure 11 in comparison with the results 
obtained by the FEM. The comparative results read by sensor T1 for the ball screw nut of the X-axis, sensor T3 for the 
linear guide of the X-axis and sensor T10 for the spindle have already been presented in the previous step, so they will 
not be represented in the graph of Figure 11. 

Figure 11 allows verifying that, for all nine sensors represented, the same trend of temperature variation occurred in 
all cases. The maximum error for the T2 sensor located on the X-axis motor bearing was 2.7%, while the T11 and T12 
sensors representing the temperatures read on the spindle housing and the machine base, respectively, did not exceed 
3% error, either, between the simulated results and the experimental results. The error of the T7 sensor located on the 
Y-axis ball screw nut was 5.3% while the error of the T9 sensor located on the Y-axis motor bearing flange was 5.9%. 

The T5 sensor located on the Z axis motor flange exhibited a maximum error of 9.6%, but the mean error was less 
than 6%. The T4 sensor located on the Z axis nut had a maximum error of 8.6% while the T6 sensor located on the Z 
axis linear guide showed a maximum error of 7.8%. The T14 sensors for the coolant tank and T15 sensor for the room 
temperature were not addressed since they did not present significant errors. The greatest errors occurred in the results 
obtained by the sensors located near the spindle, which can be explained by the difficulty in simulating all the heat 
generation due to the many spindle drives. 
 

 
 

Figure 11. Temperature curves for all thermocouples measuring points during the third stage. 
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5. CONCLUSIONS 
 

 This paper verified that thermal imaging and thermocouple temperature measurements, as well as thermal-
structural simulation by the FEM and the methodology developed in this work, modeling frictional heat on the 
contact surface, provided significant results for estimating the thermal behavior of the main subsystems of a 
machining center, obtaining maximum errors of less than 10% and average errors around 6%. 

 The conclusion is that the method, when appropriate boundary conditions are considered, is a proper feature for 
simulating the machine thermal behavior, which can still be used in the design phases of the equipment. 

 After the thermal validation phase, the components of the thermal errors in the directions of the X, Y and Z 
axes could also be obtained through finite element analysis by measuring the displacement of the spindle in 
relation to the reference bush located in the machining table to estimate the thermal error of the machine.  

 The methodology presented thus shows it can be used in actual cases of real-time thermal error compensation, 
proceeding to a later validation stage of the results numerically obtained in the machine tool. 
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