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ABSTRACT 

Double face grinding with planetary kinematics is a process to manufacture workpieces with plan 

parallel functional surfaces, such as bearing rings or sealing shims. In order to increase the economic 

efficiency of this process, it has to be advanced permanently. The temperature in the contact zone of 

most grinding processes has a huge influence on the process efficiency and the workpiece qualities. In 

contrast to most grinding processes these influences are unknown in double face grinding with 

planetary kinematics. The application of standard measuring equipment is only possible with high 

effort due to the inaccessibility of the working space during the machining process. Furthermore, 

measurement of the workpieces temperature in the considered machining system is not reported. Due 

to that fact, the intensive cooling has so far been the only method to avoid the occurrence of thermal 

defects especially in case of brittle ceramic materials. The influence of the mean cutting speed, the 

tools’ cutting performance and the coolant flow on the temperature change of the workpieces made of 

Al2O3 ceramic materials was investigated with the use of a newly developed method. The first 

empirical approach to predict the change in temperature of the ceramic workpieces while processing is 

proposed. The developed measuring method can be used for obtaining experimental temperature data 

in other processes, such as polishing and lapping for which only theoretical models exist. 
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HIGHLIGHTS 

 Development of a method for measuring workpiece temperature in double face grinding with 

planetary kinematics  

 In-process temperature data acquisition 

 Determination of an empirical model to predict the temperature of a ceramic workpiece during 

processing time 

 Investigation of the influence of the tools’ cutting performance and coolant flow on the temperature 

change 

1. INTRODUCTION 

Workpieces with plan parallel functional surfaces are used in a wide range of industrial applications. 

Lapping is one of the main processing steps of hard and brittle materials. The lapping process aims to 

remove the surface irregularities caused by the preceding processing step by wire-sawing of sapphires 

[1] or silicon wafers [2, 3].  To machine workpieces such as sapphire wafers or ceramic sealing shims, 

double face grinding with planetary kinematics can be used instead of lapping. Substitution of the 

lapping process by double face grinding enables significant reduction of process time and production 

costs per a work part [4]. In double face grinding workpieces are placed in externally teethed 

workpiece holders. These workpiece holders are located between two grinding wheels and are driven 

by a fixed outer and movable inner pin ring, Figure 1. The rotational movement of both grinding 

wheels and the inner pin ring leads to a relative motion of the workpieces and the grinding wheels, 

comparable to planetary gearboxes. In comparison to other grinding processes such as peripheral 

longitudinal surface grinding, double face grinding with planetary kinematics offers many advantages. 

These include the tension free mounting of the workpieces as well as the equally distributed load on 

the entire surface of the workpieces [5-7]. 
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Figure 1: Main components of the machine system for double face grinding with planetary kinematics [8] 

First approaches to increase the process efficiency of double face grinding processes with planetary 

kinematics were made by UHLMANN ET AL. [9, 10]. They examined influence of the mean cutting 

speed v�c, the grain size dg as well as the grain concentration C on the height reduction rate ∆ḣw and the 

profile wear Δhps of the grinding tool. Based on these two parameters, UHLMANN ET AL. [9, 10] 

introduced the process efficiency value Eva, which allows estimating the process efficiency of double 

face grinding processes with planetary kinematics [8, 9, 11]. Furthermore, a model to determine the 

wear profile of the grinding tool was developed. Building on this model an algorithm to design 

grinding tools was developed, minimising the profile wear Δhps for given application conditions 

[8, 10-14]. Beside the increase of the height reduction rate Δḣw and the reduction of the profile 

wear Δhps, the temperature T in the grinding process is a significant parameter determining the process 

efficiency. Therefore, to enable in-process data acquisition of the temperature while processing, it is 

necessary to implement a measurement system. 

There are many factors which affect grinding temperature due to the complex relationships between 

process parameters and processing results [15]. The grinding performance, which is the product of the 

tangential force and the cutting speed, can be used to determine the grinding energy required for the 

chip formation [16]. The majority of mechanical energy input is transformed into heat in the grinding 

Inner pin ring

Outer pin ring
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zone. Heat is dissipated into the workpieces, chips, grinding wheels, coolant, which are used for 

surface formation and generation of residual stresses [16, 17]. Modelling and simulation of grinding 

can be used for process optimisation to obtain high precision parts and to avoid thermal damage in the 

workpiece. Capabilities and limitations of physical, empirical and heuristic process models used to 

calculate grinding force and temperature as well as to predict processing results including surface 

topography and surface integrity are presented in detail in BRINKSMEIER ET AL. [15] and MALKIN 

ET AL. [16]. Experimental results are crucial for the validation of existing theories and for the 

development of integrated grinding process models having more precise prediction ability on grinding 

forces and grinding temperatures [18, 19]. Due to measurement difficulties, calculations are required 

to be supported by indirect observations, e. g. detection of scratches and analysis of the depths of 

residual stress on machined surfaces.  

Temperature measurements conducted using thermocouples or radiation sensors can be easily adapted 

for most grinding methods including cylindrical and flat conventional grinding [20-22]. The 

application of standard measuring equipment in lapping or double face grinding with planetary 

kinematics is practically infeasible due to inaccessibility of the working space during the machining 

process. Additionally, components are rotating and changing their position on the grinding wheel 

while processing. Workpiece temperature measurements in the considered machining system are not 

reported in the literature. Nonetheless, a deeper analysis of thermal effects in grinding with planetary 

kinematics is needed due to higher achievable cutting speeds compared with lapping processes. High 

temperatures can cause various types of thermal damage to the workpiece, such as burning and 

metallurgical phase transformations. Thermal analyses of grinding processes are usually based upon 

the application of moving heat source theory as discussed in MALKIN ET AL. [16]. The identification of 

heat distribution to different heat absorbers in the grinding zone is essential for accurate temperature 

prediction in grinding [23]. The heat distribution into the workpiece is often determined by matching 

measured and theoretical temperatures for given grinding conditions [24].  

In this paper, a method for measuring the workpiece temperature in double face grinding with 

planetary kinematics is presented. Experimental results were used to determine the empirical model 

predicting the temperature of the ceramic workpiece while processing under given technological 
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parameters. The influence of the mean cutting speed, the tools’ cutting performance and the coolant 

flow on the workpiece temperature change were investigated. The proposed method and obtained 

results will allow validating the numerical thermal model of the analysed process. The method is 

applicable to other abrasive processes such as polishing and lapping, for which only theoretical models 

of temperatures exist, due to measurement difficulties and limited accessibility to the working zone 

[25, 26]. 

2. EXPERIMENTAL SETUP AND INVESTIGATIONS 

A prototypical machine tool for high speed and high performance double face grinding with planetary 

kinematics was developed at the Institute for Machine Tools and Factory Management (IWF), 

Technische Universität Berlin, Germany in cooperation with the machine tool manufacturer 

Stähli AG, Pieterlen/Biel, Switzerland. Based on intensive research activities in the field of processing 

brittle hard materials, it was shown that optimal cutting conditions are often connected to increased 

cutting speeds and grinding pressures. The result of an increased cutting speed is a higher height 

reduction rate Δhw and a simultaneous considerable decrease of machining time [27, 28]. The machine 

tool system, which was used for the experimental analysis of the radius dependent velocity 

distribution, the effect of increased grinding wheel speeds and the wear pattern of the grinding wheel, 

is characterised by a highly rigid portal design. This makes it possible to realise high speeds as well as 

high forces and torques. Grinding wheel rotational speeds up to 2000 rpm and clamping forces up to 

4000 daN are possible, which is a fourfold increase compared to conventional machines. In 

combination with a maximal rotational speed of the inner pin ring of 1000 rpm, mean cutting speeds v�c 

of up to 45 m/s can be achieved. 

A series of experiments was performed on Al2O3 workpieces to analyse the effect on temperature in 

the grinding zone using full-featured digital temperature loggers. The loggers saved the temperature 

data of the workpieces while grinding. Temperature loggers of type DS1922L [29] made by 

iButtonLink, Whitewater, USA, with an operating temperature range from - 40 °C to + 85 °C, a 

resolution of 0.0625 °K, a temperature accuracy of ±0.5 °K and a minimum sample rate of 1 Hz were 

used to measure the temperature of the ceramic workpieces, Figure 2. 
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Figure 2: Measurement setup of a temperature logger in a workpiece  

The standard uncertainty of the measurements after the calibration of selected temperature loggers is 

0.13 °K. The logger was integrated in a workpiece. The generated heat was transmitted to the logger 

through the workpiece using thermoconductive elements. The coolant insulating disc was placed on 

the thermoconductive disc. One measuring device with a programmed and installed temperature logger 

as well as four cylindrical workpieces were placed in a single workpiece holder to measure the 

workpiece temperature while grinding, Figure 3. Therefore, five loggers were placed in the five 

workpiece holders during each grinding process. 

 
Figure 3: Arrangement of ceramic workpieces in a machining system for double face grinding with planetary 

kinematics: a) general view, b) single workpiece holder with a measuring device and four cylindrical 
workpieces 

The main aim of the experiments was to examine the influence of the mean cutting speed v�c on the 

temperature of ceramic workpieces. Since the height reduction rate Δḣw decreases while grinding due 

to tool wear a conditioning process was carried out periodically to restore the cutting performance of 

the grinding tool [30]. The grinding parameters of the performed experiments are presented in Table 1. 

Measuring device with 
a temperature logger DS1922L

Cylindrical workpiece 
(without a hole)

a) b)
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Additionally, the influence of coolant flow on the workpiece temperature was examined only for the 

highest mean cutting speed v�c = 25 m/s. Other parameters were not varied during the experiments. 

Table 1:  Grinding conditions during experiments 

Grinding wheels 
Outer tool diameter ro mm 530 
Inner tool diameter ri mm 265 
Grain material Diamond 
Grain size dg µm 107 
Abrasive grain concentration C75 
Bond type Synthetic resin 
Grinding parameters 

Mean cutting speed v̅c m/s 
10 
15 
25 

Grinding pressure p N/mm2 0.11 
Tool allocation B % 11.53 
Maximum depth of material removed per batch Δhw  4.8 
Coolant flow rate Q̇lub l/min 40  (v̅c = 10 m/s; 15 m/s; 25 m/s) 

20  ( v�c = 25 m/s) 
Workpiece properties 
Material Al2O3 
Vickers hardness HV10 MPa 1100 
Diameter dw mm 34 
Initial height hw0 mm 20 
 

The workpiece dimensions allowed for a removal of ∆hw = 4.8 mm evenly distributed to the top and 

bottom of the workpiece, Figure 2. The height of the final sample was 15.2 mm and the value of the 

final distance between sensor and the workpiece bottom outer face was 0.6 mm. Figure 4 contains the 

development of the grinding process to obtain the temperature data for v�c = 15 m/s and Q̇lub = 40 l/min. 
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 Figure 4: Workpiece temperatures recorded by loggers during four grinding experiments on Al2O3 

During the experiments E1, E2 and E3 a height of 1 mm and during the last experiment E4 a height of 

1.8 mm was removed. Decreases of the height reduction rate ∆ḣw caused by the tool wear extended the 

processing time while the mean cutting speed v�c remained constant. During the consecutive 

experiments E1, E2 and E3 the processing time tp necessary for removing the same amount of material 

increased and resulted in a lower temperature. Intensive cooling and reduced cutting performance of 
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the tools caused a decreasing workpiece temperature after reaching the maximum value in 

experiment E4, Figure 4. 

The temperature was recorded once every second and the mean values of the workpiece temperatures 

during the entire processing time were used for modelling the temperature increase. In the analysed 

example with v�c = 15 m/s, the maximum temperature was reached at the end of the machining 

operation in the experiments E1, E2 and E3 (tei = tmaxi, for i = 1, 2, 3), Figure 5.  

 

Figure 5:  Experimental and theoretical temperature changes, process parameters and model coefficients 
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3. ANALYSIS OF EXPERIMENTAL RESULTS 

The workpiece temperature changes show a progressively increasing behaviour towards a maximum 

value as seen in Figure 5. Therefore, the dependency between the change in the temperature and the 

processing time was approximated taking the shapes of the experimentally determined curves into 

account, according to [31], and Equation 1: 

∆T = b1 ∙ exp( b2 tp)⁄  (1) 

∆T is the change in temperature in °C, tp is the time in s and b1 as well as b2 are model coefficients. 

Coefficient b1 is a horizontal asymptote in the proposed nonlinear regression model of temperature 

changes. This coefficient can be assumed as the theoretical maximum temperature increase that could 

occur during the experiments under given technological parameters. The software package Matlab by 

MATHWORKS, Natick, Massachusets, USA, was used to process the data, build an exponential model 

and do the curve fitting. The evaluated values of coefficients for the experiments at v�c = 15 m/s are 

provided in Figure 5. One of the advantages of the proposed model is that the theoretical maximum 

temperature increase is directly given as coefficient b1. Accurate curve fitting enables practical 

utilisation of the model for industrial applications usually carried out with smaller material allowances 

that require short processing times compared to the performed experiments. In case of the longer 

processing time, the temperature should not exceed the theoretical maximum value due to a typical 

decrease in the cutting performance of the grinding tools. Lower cutting performance reduces height 

reduction rate ∆ḣw which leads to lower workpiece temperatures. This can be seen in experiment E4 

with ∆ḣw = 4.4 µm/s, Figure 4 and Figure 5. 

During subsequent experiments E5 and E6, higher removal rates ∆ḣw resulted in the shorter processing 

time tp and in larger temperature changes using v�c = 25 m/s, Figure 6. The experimental data from 

experiments E5 and E6 show that coolant flow has an essential influence on the workpiece temperature. 

Experiment E5 was run with a slightly higher height reduction rate ∆ḣw = 18.6 µm/s at half of the flow 

rate Q̇lub = 20 l/min of E6 which was run with ∆ḣw = 17.6 µm/s and Q̇lub = 40 l/min. Reducing the 
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coolant flow rate by half caused a noticeable temperature increase, Figure 6. For the experiments E5 

and E6, the process and model parameters are depicted also in Figure 6. The coefficient b1 for 

experiment E5 is approximately twice as high as coefficient b1 for experiment E6. 

 

 Figure 6: Experimental and theoretical temperature changes, process parameters and model coefficients 
with variating lubricant flow rates 
 
The height reduction rates Δḣw achieved during experiments E7, E8 and E9 with a mean cutting speed 

of v�c = 10 m/s are depicted in Figure 7. They are similar to the height reduction rates Δḣw from 

previous experiments E2, E3 and E4 with a mean cutting speed of  v�c = 15 m/s, Figure 5. Due to the 

lower cutting speed v�c, the temperatures measured during experiments E7, E8 and E9 depicted in 

Figure 7 are lower than in the corresponding experiments E2, E3 and E4 depicted in Figure 5. That is 

also reflected by the lower values of model parameters. 
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Figure 7: Experimental and theoretical temperature changes, process parameters and model coefficients with 

lubricant flow rate Q̇lub = 40 l/min 

 

The time period used for modelling was shorter than the processing time for both experiments E8 and 

E9 because temperature decreased after reaching the maximum value at tm. Similarly to experiment E4 

in Figure 4 and Figure 5, this was due to extensive cooling and low cutting performance of the 

grinding tools at the end of the last experiment, before the conditioning process. 

 

CONCLUSIONS 

Double face grinding with planetary kinematics offers many advantages in comparison to other 

grinding processes for finishing flat workpieces. These include the tension free mounting of the 

workpieces as well as equally distributed load on the entire surface of the workpieces. Nonetheless, the 
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investigation of double face grinding with planetary kinematics is still important due to the 

combination of grinding and lapping characteristics. Substitution of the lapping process by double face 

grinding enables significant reduction of the processing time and production costs per a work part. 

Thermal analysis of this process is required because the achievable cutting speeds in grinding are 

much higher than in lapping. Generation of high temperatures can cause various types of thermal 

damage on the workpiece, such as microcracks, burnings and metallurgical phase transformations.  

The influence of the mean cutting speed, the tools’ cutting performance and the coolant flow on the 

temperature change of the ceramic workpieces were investigated. The main contribution and benefits 

of this work can be summarised as follows:  

• The method for measuring the workpiece temperature in double face grinding with planetary 

kinematics was developed. A series of experiments was performed on Al2O3 ceramic 

workpieces using full-featured digital temperature loggers. Measurement of the workpieces 

temperature in the considered machining system has not been reported in the literature yet.   

• The empirical model to predict the change in temperature of Al2O3 ceramic workpieces while 

processing was determined using the experimental results. The workpiece temperature 

changes showed a progressively increasing behaviour towards a maximum value. One of the 

coefficients of the proposed nonlinear regression model of the temperature change is a 

horizontal asymptote of the mathematical function. This asymptote can be assumed as the 

theoretical maximum temperature increase that can occur during grinding under given 

technological parameters.  

• As expected, higher removal rates ∆ḣw resulted in the shorter processing time tp and in larger 

temperature changes. A mean cutting speed had a smaller effect on the workpiece temperature 

at the comparable removal rates and coolant flows. For the cutting speed v�c = 10 m/s, the 

measured temperatures were slightly lower than in the corresponding experiments carried out 

with a mean cutting speed of  v�c = 15 m/s. This was also reflected by slightly lower values of a 

model coefficient b1 for v�c = 10 m/s. In the light of the above, a mean cutting speed along with 

the actual tool cutting performance influenced by the tool wear must be considered for the 

prediction of a temperature increase.  

• In grinding experiments for v�c = 10 m/s and v�c = 15 m/s, a decrease in the cutting performance 

of the tool reduced the material removal rate ∆ḣw, leading to the lower workpiece temperature 

and even to its decrease after reaching the maximum temperature. The time at which the 

temperature started to decrease may indicate the necessity to perform the conditioning process 

of the worn tool. 

• The experimental data showed that the coolant flow rate has an essential influence on the 

workpiece temperature. It was examined for the highest mean cutting speed v�c = 25 m/s. 

Reducing the coolant flow rate by half caused the a reduction in the distribution of heat into 

the coolant and as a result a significant temperature increase. That was reflected also by the 
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values of the model coefficient b1. The coefficient b1 for the experiment run at the flow rate 

Q̇lub = 20 l/min was approximately twice as high as the coefficient b1 for the experiment run at 

the flow rate Q̇lub = 40 l/min. The flow rate of the coolant, which is one of the heat absorbers 

in the grinding zone, could be reduced if the workpiece temperature started to decrease.  

 

Accurate curve fitting enables utilisation of the proposed method in the further scientific research 

and in the industrial practice. The main areas of the potential use of this method, arising from the 

possibility of obtaining temperature data are as follows: 

• A better selection of technological parameters can be made to avoid too high temperature 

increase during machining. The temperature change can be calculated on the basis of the 

model as a function of the processing time and also the theoretical maximum temperature 

increase is given directly as a coefficient b1 of a developed model.  

• The energy consumption can be reduced by choosing the adequate coolant flow rate when 

the intensive cooling is not necessary to avoid thermal defects. The intensive cooling has 

so far been the only method to avoid the occurrence of thermal defects, especially in case 

of brittle ceramic materials. In industrial practice the grinding process is usually carried 

out with smaller material allowances that require shorter processing times comparing to 

the performed experiments. In case of bigger allowances requiring the longer processing 

time, the temperature should not exceed the theoretical maximum value predicted by a 

proposed model. This is due to a typical decrease in the cutting performance of the 

grinding tools during longer processing without the tool conditioning. 

• The necessity for a tool conditioning process could be indicated at a given time of 

machining. Tool conditioning carried out periodically restores the cutting performance of 

the grinding tool but in some cases it might be carried out less frequently in order to 

reduce the tool wear. This will require the detailed investigation on the influence of the 

parameters of a conditioning process on the workpiece temperature and on the surface 

finish.  

• The experimental temperature data can be obtained in other abrasive processes for which 

only theoretical temperature models exist, due to measurement difficulties and limited 

accessibility to the working zone. This will allow validation of the existing numerical 

models of the temperature increase in processes for finishing flat surfaces such as lapping, 

polishing and grinding with lapping kinematics. 
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