
Experimental research of the effect of face milling strategy on the 

flatness deviations 

Michal Dobrzynski
1
, Daniel Chuchala

1 (orcid.org/0000-0001-6368-6810), 

Kazimierz A. Orlowski
1
 (orcid.org/0000-0003-1998-521X), 

Mateusz Kaczmarczyk
2

1
Department of Manufacturing and Production Engineering, Faculty of Mechanical 

Engineering, Gdansk University of Technology, Gdansk, Poland 

michal.dobrzynski@pg.edu.pl, 
 
daniel.chuchala@pg.edu.pl, 

kazimierz.orlowski@pg.edu.pl 

2
Department of Innovativeness and Entrepreneurship, Faculty of Management, 

Warsaw University of Technology, Warsaw, Poland 

mateusz.kaczmarczyk77@gmail.com 

Corresponding author: Daniel Chuchala 

Email: daniel.chuchala@pg.edu.pl,  

Address: Gdansk University of Technology, Faculty of Mechanical Engineering, 

11/12 Gabriela Narutowicza Street, 80-233 Gdansk, Poland 

This is an Accepted Manuscript of an article published by Taylor & Francis in MATERIALS AND MANUFACTURING 
PROCESSES on 11.09.2020, available online: https://www.tandfonline.com/doi/full/10.1080/10426914.2020.1819548

Postprint of: Dobrzynski M., Chuchala D., Orlowski K. A., Kaczmarczyk M., Experimental research of the effect of face milling 
strategy on the flatness deviations, Materials and Manufacturing Processes (2020), DOI: 10.1080/10426914.2020.1819548

file:///E:/PLIKI%20OSOBISTE/Journal%20of%20Materials%20Processing%20Technology/orcid.org/0000-0001-6368-6810
file:///C:/Users/Jacek/AppData/Local/Temp/orcid.org/0000-0003-1998-521X
mailto:michal.dobrzynski@pg.edu.pl
mailto:daniel.chuchala@pg.edu.pl
mailto:kazimierz.orlowski@pg.edu.pl
mailto:mateusz.kaczmarczyk77@gmail.com
mailto:daniel.chuchala@pg.edu.pl
https://www.tandfonline.com/doi/full/10.1080/10426914.2020.1819548
https://doi.org/10.1080/10426914.2020.1819548


Experimental research of the effect of face milling strategy on the 

flatness deviations  

In this paper the dependencies between face milling strategy of EN AW6082-T6 

aluminium alloy samples, with difference thicknesses (6, 8 and 12 mm) and two 

cold rolling directions, and flatness deviations were presented. Three strategies of 

milling included different proportions of material removed from both sides of the 

plates. This approach allowed to control the proportions of residual surface 

stresses on both sides of the specimens, which were created by the cold rolling 

process. The face milling strategy involving the symmetrical removal of material 

from both sides of the sample resulted in the best results of flatness deviations. 

This strategy was most effective for both rolling directions. It has been observed 

that the use of an appropriate face milling strategy is particularly important for 

thin sheets (6 mm thick). In the case of thicker plates (12 mm thick), the selected 

strategy has less impact on the final values of flatness deviations. 

Keywords: milling, flatness, strategy, aluminium, surface, rolling, direction, 

residual, stresses,  

Introduction 

The light alloys, such as aluminium alloy, are willingly used in manufacture 

processes elements for automotive,
[1-3]

 aerospace
[4-5]

 and rail,
[6]

 because they are

characterized by low density with sufficient strength.
[3]

 These properties allow saving

fuel or electric energy during exploitation vehicles. The aluminium alloys are also often 

used to manufacture front panels for electronic and/or electrical equipment which often 

are mounted in server cupboards.
[7]

 The material used to make the blanks for the front

panels is usually aluminium alloy sheet, the nominal thickness of which is the same as 

the nominal final dimension or is very close to the final dimension (1 mm larger). 

Where the nominal dimension of the plate thickness is the same as the nominal 

dimension of the final panel thickness, the required front surface machined is based on 

the allowance for plate thickness resulting from cold rolling process tolerances.
[8]

 Most
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often, however, the plate thickness is slightly higher than the final panel thickness. 

Another production solution, which reduces manufacturing costs, is to make such 

a panel in a single fixing. This involves processing the panel only on the front side and 

the back side remains with the raw surface. Unfortunately, such a solution carries the 

risk of a significant impact of residual stresses remaining after the cold rolling process 

on the panel's flatness, as well as errors in the spacing of holes and pockets, which will 

be caused by movements associated with panel deflection.
[7]

 The cold rolling process is

crucial for manufacturing process of aluminium alloy sheet which gives specific 

properties to the processed material.
[9-10]

 This processing introduces anisotropic

properties in the processed material. The anisotropy of the rolled material significantly 

affects the mechanical properties, as shown in the works.
[11-12]

 The cold rolling process

deforms the material plastically. Although the cold rolling process is often followed by 

stress relieving processes, there are still residual stresses at the sheet surface.
[13-16]

Residual stresses occur on both sides of the sheet, which creates a certain balance to 

ensure the right shape and dimensions. Hattori et al.
[17]

 have shown that residual stresses

after the cold rolling process of the aluminium alloy occur up to a depth of about 1 mm 

and reach up to 50 MPa. When machining the surface of thin sheets (up to 12 mm 

thick), the removal of a layer with residual stresses on one side of the sheet may lead to 

deformation of the component due to the residual stresses on the surface of the other 

side of the sheet. This phenomenon causes significant problems in achieving the 

expected flatness after processing flat parts. For thicker plates, this phenomenon occurs 

less, as the residual stress values are too low to deform a component with a larger cross-

section.
[7]

 Diaz et al.
[18]

 have shown that the high speed milling process also leaves

residual stresses on the machined surface. The value of these residual stresses depends 

on the depth of cut of the process, but also on the direction of the cold rolling process in 
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relation to the direction of feed speed milling process. Sedlak et al.
[19]

 have confirmed 

this phenomenon for face milling. They also showed that the residual stress values and 

the flatness of the machined surface are influenced not only by the cutting parameters 

but also by the diameter of the tool used. Zhang et al.
[20]

 proposed a model to optimize 

machining in order to minimize the impact of residual stresses created by the cutting 

process. Rafey Khan et al.
[21]

 presented ways to remove residual stresses created by 

the cutting process. This method involves re-heating the workpiece, which increases 

manufacturing costs and reduces the mechanical properties of the material. 

Pimenov et al.
[22]

 proposed method of modeling flatness deviations for face milling 

process. This model shows that the stiffness of the technological system has a large 

influence on the values of flatness deviations. On the other hand, the stiffness of the 

technological system is significantly affected by tool wear,
[23]

 which causes an increase 

in cutting forces.
[24]

 However, this model did not take into account materials produced 

using the cold rolling process. The extensive analysis of the effect the parameters of the 

aluminium alloy milling process on the cutting forces was carried out in the works.
[25-26]

 

The works
[27-28]

 have shown that the strategy of face milling process is important for 

stability of cutting forces. Dobrzynski et al.
[29]

 have shown that in order to obtain the 

expected flatness deviations after face milling, the strategy took into account direction 

of feed movement in relation to the rolling direction is important. 

 To sum up, many studies have confirmed the occurrence of residual stresses 

resulting from the cold rolling process of aluminium alloy sheets. It has also been 

shown that the rolling direction effects the residual stress distribution. Many researchers 

have focused on modeling and analyzing residual stresses arising from the milling 

process. However, no studies to date have analyzed the effect of face milling strategies 
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for flat components manufactured of cold-rolled aluminium alloys sheets on the final 

flatness of the machined component.  

The aim of these studies was to investigate, which face milling strategy would allow 

obtaining lower  values of flatness deviation, assuming that the fixturing method and 

machining parameters were not changed. An optimally selected strategy of face milling 

of flat components allows to achieve the appropriate product quality (flatness of the 

surface to be machined) and to reduce manufacturing costs by reducing processing time 

and material waste. 

Materials and methods 

Materials 

Cold rolling sheet plates of EN AW6082-T6 alloy were used in investigation. Samples 

for experimental testing were prepared with three height dimensions, H: 6, 8 and 12 

mm. The sheets with nominal dimensions (1000 mm × 2000 mm) were cut on 

rectangular samples with dimensions W = 60 mm × L = 200 mm for each thickness. 

The cutting process was carried out on the water jet cutting machine MAXIEM 1530. 

This cutting method of the metal material ensures good dimensional quality and does 

not introduce structural changes in the material caused by temperature. The structural 

changes could occur during laser or plasma cutting. Circular saw cutting would require 

additional processing to ensure the required parallelism of the sides of the samples and 

surface accuracy, which are necessary for proper clamping in a vice. Samples of any 

thickness were prepared in two versions. The first one with the direction of cold rolling 

along the longer side (L_R), the second one with the direction of rolling perpendicular 

to the longer side (T_R) (Fig. 1). 

Machine tool, tools and face milling strategies 
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The face milling process of samples was carried out on the milling centre AX320 

Pinnacle. The movements of the tool were performed by the machine tool in accordance 

with the CNC program on the Heidenhain TNC 640 control system. Samples were 

mounted during milling process with using the standard vice with jaws length 100 mm. 

The depth of attachment in the jaws of vice of each sample was 3 mm. In accordance with 

the practice of the engineer with an elementary knowledge, the samples were supported 

from the bottom with steel plates during the entire milling process. These steel plates 

supplemented the mounting set of tested samples on the machine table (Figure 2). The 

face milling head equipped with 5 cutting tool inserts type APMT 160408-NA20 grade of 

cemented carbide K20, which is recommended to machining of aluminium alloys, was 

used to experimental tests. The basic dimensions of the cutting tool and cutting blade are 

shown in Table 1. The dimension of cutter diameter (Table 1) allowed full width 

processing of tested plates in one working path of the tool. The cut width was ae = 60 

mm. The kinematic parameters of the face milling process used during the experimental 

tests are shown in Table 1. These parameters have been selected based on the 

recommendations of the manufacturer of the cutting tool and on industrial experience in 

the process of face milling of front panels for server cupboard equipment, which are 

made of thin aluminium alloy plates in the 6xxx grade group.
[7]

 These kinematical 

parameters of milling process also take into account the small clamping surfaces of the 

vice's jaws to the clamped object. The clamping surfaces (3 mm × 200mm) in the jaws 

of the vice have been selected so that the same clamping conditions are maintained for 

all tested samples. An external tool cooling system integrated with milling centre 

AX320  was used during machining tests. In tool cooling system was used the Blasocut 

2000 Universal machining fluid.  
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The face milling experimental tests consisted of removing a layer of material with 

a total thickness of Ttot = 1 mm from the aluminium alloy plates. This value was selected 

based on industrial practices in the process of manufacturing front panels for server rack 

accessories. In this process, the main surface of panel (front side) is required to be 

machined. For economic reasons, manufacturers strive to produce these panels with the 

least possible material loss. Therefore, the blank of workpiece is usually only 1 mm 

thicker than the target product. In addition, studies presented by Hattori et al.
[17]

 show that 

residual stresses in cold-rolled aluminium alloy products most often occur up to a depth of 

about 1 mm from the rolled surface. Removing process was carried out with the use of 

three strategies of machining. The first strategy #1 was expected to remove total thickness 

of material that provided to remove, only from one side of the plate – main side (Ttot = 

Tms). The milling process in strategy #1 was realized in two steps with use two different 

value of cut depth (ap1_1 and ap1_2) (Fig. 3). The strategy #2 included machining from 

both side of plates. In this case the layers thicknesses were symmetrically (Tms = Tbs) 

and on each side the layer thickness was removed by two work movement with cut 

depth ap2. Firstly, the layer of back side of plate (Tbs) was machined. The last strategy 

(#3) consisted of machining both sides, but firstly the thin layer was removed from the 

back side by one working movement (Tbs = ap3_1). The main side was machined in work 

movements applied with two different cut depths: ap3_2 and ap3_3 . The all strategies 

were shown in Figure 3 and values of cut depths for all strategies were posted in 

Table 2. 

Measurement methodology of flatness deviations 

The measurements of flatness deviations were made on the Coordinated Measuring 

Machine Altera 7.5.5 of Nikon Metrology NV under control of CMM Manager v. 3.6 

software. The measuring system consisted of: PH10M PLUS motorized indexing heads 
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and SP25M/SM25-2 scanning probe system, with 1.6 µm maximum permissible 

probing error and 1.8+L/400 µm maximum permissible error for length measurement, 

according to ISO 10360-2:2009 
[30]

 and standard temperature range 18 ÷ 22 ˚C. 

The measurement of flatness deviations for the parts under investigation includes evenly 

distributed 120 measuring points on the surface. The flatness deviations of samples 

were measured before and after the face milling process. In this case there was 

possibility of comparing obtained results from two series measurements and checking 

the face milling strategy effect on flatness deviations. 

Results and discussion 

Flatness deviations of the specimens with the longitudinal direction of rolling (L_R) 

before the milling process were in the range of 0.04 mm to 0.11 mm (Table 3). The 

deviations had a small spreads of values for each thickness of samples (Fig. 4) 

(Table 3). The shape of the surface deformations had no clear directionality (Fig. 5b). 

Samples with transverse direction of rolling (T_R) had higher values of flatness 

deviations (Table 3). In this case, this is due to the introduced anisotropy of the material 

as a result of cold rolling. Compressive stresses perpendicular to the rolling direction 

occur over a longer section of the specimen and have a significant advantage over 

tensile stresses directed along the rolling direction. This is particularly noticeable for a 6 

mm thick specimen TR6S1 (Fig. 5a). The values of deviation for plates with thickness 6 

mm was 6 times higher, and for other thicknesses around 3 times (Fig. 4) (Table 3). 

In case of samples with thicknesses 8 mm and 12 mm was also observed larger spreads 

than in the sample with longitudinal rolling (L_R) (Fig. 4). Additionally, the shape of 

the surface deformations for plates with thickness 6 mm was bent with a recess in the 

middle of the sample (U-shape). For the thicker samples the shape of deformations was 

wavy with two recesses along the sample length (Fig. 5a). In both cases, in the direction 
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of longitudinal and transverse rolling, the shape of the deformation probably depended 

mainly on the thickness of sample and stress on the outer surface resulting from the cold 

rolling process. 

The values of flatness deviations after milling process for samples with longitudinal 

rolling direction were measured in range between 0.022 mm to 0.102 mm (Table 4). 

While for samples with transverse rolling direction were in range 0.025 mm to 0.289 

mm (Fig. 6). The strategy #1 consisted of material removal only from one side. In effect 

these cases gave more deformed of plate (degradation of  flatness values) because the 

residual surface stresses were removed only from machined side of plate. The residual 

stresses from  non-machined side did not have balancing stresses and then those were 

affected more by deformation of samples. On the other side, the strategy #1 consisted of 

material removal only from one side. In effect this cases gave more deformed of plate 

(degradation of flatness values) because the residual surface stresses were removal only 

from machined side of plate. The residual stresses from non machined side did not have 

balancing stresses and them were affected more deformation of samples. This 

phenomenon was especially observed for samples with longitudinal rolling direction. In 

those cases, non symmetrical dimensions of samples, L >> W (Fig. 1) could affect value 

of deformation because of direction of grain effect on distribution of surface stresses. Of 

course, proportional sample dimensions could change only shape of deformation not the 

value. The use of strategy #3 in the face milling process resulted in a noticeably better 

improvement in flatness. Improvement was  achieved for each thicknesses of samples 

and also for both rolling directions. This phenomenon was caused by symmetrical (both 

side of plate) removal of material with residual surface stresses.
[13-17]

 The thickness of 

the samples tested also had an impact on the results obtained and for thicker samples 

(8 mm and 12 mm) the flatness values were similar for both rolling directions, in range 
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0.022 mm to 0.102 mm. This may indicate that the residual stress values remaining in 

the material after processing are too small to deform a component with such a large 

thickness. The flatness deviations almost only for plates with 6 mm thickness and 

transverse rolling direction were notably higher (Fig. 6). Those height values were in 

range 0.264 mm to 0.289 mm and presented very low spread between strategies. 

The transverse rolling direction in relation to the longer side of the specimen and the 

significant difference in the dimensions of the length and width of the specimen directly 

affects the spread of flatness values both after rolling and after milling. This may be due 

to a higher proportion of residual compressive stress. This anisotropy of the material as 

seen has a dominant influence, independent of the thickness of the specimen because 

the largest spread between flatness values were obtained for plates with thickness 8 mm 

both after rolling and after milling. In this case the spread of flatness deviations was 

about 0.170 mm (Fig. 6) after milling process and about 0.360 mm (Fig. 4) after 

transverse rolling. The deformation shape of the tested samples was preserved, which 

can be seen in Fig. 5 and Fig. 7. This phenomenon was obtained for samples with both 

rolling direction. 

Generally, the face milling process for almost each analyzed strategy caused reduced 

values of flatness deviations on average by 0.05 mm (Fig. 8 and 9). The biggest 

reduction of flatness was obtained for milling strategy #3 in case of samples with 

transversal rolling direction (Fig. 9). Those samples had the highest values of flatness 

deviations before milling process. Whereas, after the face milling process with strategy 

#3, deviations were improved by up to 0.25 mm for sample with 8 mm thickness. 

However, for samples with longitudinal rolling direction, where before milling process 

the values of flatness deviations were very low, obtained a small improvement in 

flatness (about 0.04 mm) for #2 and #3 strategies (Fig. 8). Even in #1 strategy case the 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


flatness was worsened (Fig. 8) for each plate thicknesses.  On the basis of the obtained 

results, it can be seen that an important aspect is the removal of residual surface stresses 

symmetrically on both sides of the plates (strategy # 3). This approach is especially 

important for components made of thin metal sheets up to about 6 mm thick. In the case 

of thicker plates, asymmetric residual stress relief on both sides of the plate also works 

well (strategy # 2). The remaining residual stresses are not high enough to distort the 

component. 

Conclusions 

Based on the carried out experimental tests and analyses of obtained results, it can be 

concluded that:  

 the direction of rolling process for AW 6082-T6 alloy can have an effect on 

values of flatness deviations after face milling process; 

 the thickness dimension of AW 6082-T6 alloy samples have effect on values of 

flatness deviations after face milling process; 

 in order to obtain  the expected values of flatness deviations after the face 

milling process of AW 6082-T6 alloy plates with thickness dimensions up to 12 mm, 

a strategy of machining is important; 

 the strategy of face milling process consisting of symmetrical removal material 

from both side of plate has given the best results of flatness for tested plates AW 6082-

T6 alloy. 
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Figure captions: 

Figure 1. Rolling directions for tested aluminium alloys samples. L_R – longitudinal 

rolling direction; T_R – transverse rolling direction; L – length of sample; W – width of 

sample 
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Figure 2. Machine tool with equipment for machining tests: a) view on work zone of 

machine tool, b) sample clamped in a vice 
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Figure 3. Three experimental research strategies for face milling of aluminium alloy 

plates 
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Figure 4. Flatness of the surface after rolling process (before face milling process) 
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Figure 5. The shape of the deformation after rolling process (before face milling) for 

selected samples. TR6S1 – sample with transverse rolling direction, 6 mm thickness, 

prepared for milling strategy #1. LR – longitudinal rolling direction 
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Figure 6. Flatness of the surface after milling process 
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Figure 7. The shape of the deformation after face milling process for selected samples. 

TR6S1 – sample with transverse rolling direction, 6 mm thickness, prepared for milling 

strategy #1. LR – longitudinal rolling direction. 
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Figure 8. Differences between the flatness of samples before milling and after face 

milling using three strategies(S#1, S#2, S#3), for samples of three different thicknesses 

with longitudinal rolling direction (L_R) 
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Figure 9. Differences between the flatness of samples before milling and after face 

milling using three strategies(S#1, S#2, S#3), for samples of three different thicknesses 

with transverse rolling direction (T_R) 
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Table 1. The basic parameters of the cutting tool and milling process.  

Name of dimension Value Unit 

Cutting tool and cutting blade 

Diameter of milling head, D  63 mm 

Number of blades (inserts), z 5 - 

Corner radius, ro 0.8 mm 

Tool rake angle, γf  10 ° 

Tool minor rake angle, γf’ 10 ° 

Tool clearance angle, αf 11 ° 

Tool minor clearance angle, αf’ 15 ° 

Tool cutting edge angle, κr 90 ° 

Tool minor cutting edge angle, κr’ 90 ° 

Milling process 

Rotation speed, n  1400 min
-1

 

Cutting speed, vc 264 m·min
-1

 

Feed speed, vf 600 mm·min
-1

 

Feed per tooth, fz  0.086 mm 
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Table 2. Cut depths for investigated strategies. 

Name of 

strategy 

Machining side 

of plates 

Value of 

thickness layer 

[mm] 

Symbol of 

cut depth 

Value of cut 

depth 

[mm] 

Strategy #1 main side, Tms  1.00 
ap1_1 0.75 

ap1_2 0.25 

Strategy #2 

back side, Tbs 0.50 
ap2_1 0.25 

ap2_2 0.25 

main side, Tms 0.50 
ap2_3 0.25 

ap2_4 0.25 

Strategy #3 

back side, Tbs 0.25 ap3_1 0.25 

main side, Tms 0.75 
ap3_2 0.50 

ap3_3 0.25 
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Table 3. Measuring results and main statistics of the surface flatness after rolling 

process 

Rolling 

strategy 

Thickness 

of the sample 

[mm] 

Milling 

strategy 

Flatness 

[mm] 

Max deviation 

[mm] 

Min deviation 

[mm] 

RMS 

T_R 6 S#1 0.337 0.228 -0.109 0.086 

T_R 6 S#2 0.319 0.217 -0.102 0.085 

T_R 6 S#3 0.326 0.219 -0.107 0.084 

L_R 6 S#1 0.047 0.025 -0.022 0.010 

L_R 6 S#2 0.069 0.026 -0.044 0.014 

L_R 6 S#3 0.038 0.021 -0.017 0.007 

T_R 8 S#1 0.156 0.059 -0.096 0.039 

T_R 8 S#2 0.133 0.056 -0.077 0.037 

T_R 8 S#3 0.497 0.187 -0.310 0.156 

L_R 8 S#1 0.094 0.035 -0.059 0.018 

L_R 8 S#2 0.100 0.035 -0.065 0.024 

L_R 8 S#3 0.106 0.043 -0.063 0.026 

T_R 12 S#1 0.146 0.055 -0.091 0.033 

T_R 12 S#2 0.076 0.036 -0.040 0.020 

T_R 12 S#3 0.163 0.055 -0.108 0.038 

L_R 12 S#1 0.037 0.023 -0.014 0.008 

L_R 12 S#2 0.039 0.024 -0.015 0.008 

L_R 12 S#3 0.065 0.047 -0.018 0.009 
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Table 4. Measuring results and main statistics of the surface flatness after face milling 

process 

Rolling 

strategy 

Thickness 

of the sample 

[mm] 

Milling 

strategy 

Flatness 

[mm] 

Max deviation 

[mm] 

Min deviation 

[mm] 

RMS 

T_R 6 mm S#1 0.272 0.159 -0.113 0.078 

T_R 6 mm S#2 0.289 0.157 -0.131 0.082 

T_R 6 mm S#3 0.264 0.151 -0.114 0.081 

L_R 6 mm S#1 0.044 0.022 -0.022 0.009 

L_R 6 mm S#2 0.035 0.022 -0.013 0.007 

L_R 6 mm S#3 0.051 0.025 -0.026 0.015 

T_R 8 mm S#1 0.086 0.046 -0.040 0.023 

T_R 8 mm S#2 0.065 0.037 -0.028 0.017 

T_R 8 mm S#3 0.232 0.098 -0.134 0.066 

L_R 8 mm S#1 0.102 0.044 -0.059 0.026 

L_R 8 mm S#2 0.054 0.028 -0.026 0.012 

L_R 8 mm S#3 0.060 0.028 -0.032 0.012 

T_R 12 mm S#1 0.094 0.039 -0.055 0.022 

T_R 12 mm S#2 0.025 0.013 -0.011 0.005 

T_R 12 mm S#3 0.052 0.023 -0.029 0.013 

L_R 12 mm S#1 0.056 0.025 -0.031 0.014 

L_R 12 mm S#2 0.029 0.020 -0.009 0.005 

L_R 12 mm S#3 0.022 0.011 -0.011 0.005 
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