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Abstract 

Aircraft structures are designed to mainly consist of integral elements which 

have been produced by welding or riveting of component parts in technologies 

utilized earlier in the production process. Parts such as ribs, longitudinals, 

girders, frames, coverages of fuselage and wings can all be categorized  

as integral elements. These parts are assembled into larger assemblies  

after milling. The main aim of the utilized treatments, besides ensuring  

the functional criterion, is obtaining the best ratio of strength to con-

struction weight. Using high milling speeds enables economical manu-

facturing of integral components by reducing machining time, but it also 

improves the quality of the machined surface. It is caused by the fact that 

cutting forces are significantly lower for high cutting speeds than for 

standard machining techniques. 
 

 

1.  INTRODUCTION 

Aeroplane structures are exposed to many loads during their working lifespan. 

Every particular action made during a flight is composed of a series of air 

movements which generate various aeroplane loads. One rigorous requirement 

which modern aeroplane structures must meet is that they be of high durability 

and reliability. This requirement involves taking many restrictions into account 

during the aeroplane design process. The most important factor is the structure’s 
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overall mass, which has a crucial impact on both utility properties and cost-

effectiveness. This makes aeroplanes one of the most compound results of modern 

technology.  

Almost every currently produced aeroplane structure, or to be more precise, 

aeroplane core structure, is manufactured as a thin-walled composition which 

perfectly meets the requirements concerning the structure’s mass minimisation. 

Some compositions have coverages reinforced with longitudinal and transverse 

elements which provide the required stiffness and strength of the whole 

composition. Local buckling of the coverage is allowed under load conditions,  

but exceeding the critical load levels of the elements such as frames or long-

itudinals virtually guarantees the structure’s destruction. 

The methodology mentioned above forces constant improvements in both 

design methods and aeroplanes’ structural solutions. Development of material 

science and technological processes allows for the fabrication of geometrically 

compound integral structures. These structures enable the utilization of material 

characteristics in a more reasonable way, and also a significant increase in their 

core structure mechanical properties. The most important advantage of using  

the integral structures is the costs saving from the reduction or elimination of 

assembly operations. 

Close-ribbed covering elements increase strength parameters and reduce  

the weight of the core structure. It is possible to achieve a structure with significantly 

higher critical loads by reducing covering thickness and simultaneously,  

by implementing adequately close-packed and stiffened longitudinal elements.  

As a result, more beneficial gradients and stress distribution will also be obtained, 

which directly increase the structure’s fatigue life (Lundblad, 2002). 

The machining of thin-walled elements generates a lot of technological issues 

related to deformation and elastic and plastic displacements of the workpiece. Due 

to displacements of the milled workpiece, vibrations can occur, and thus, geo-

metric errors may surface in the structure of the workpiece. Furthermore, plastic 

deformation can also cause shape problems and be a source of internal stresses  

in the surface layer, which are very difficult to remove and lead to deformation  

of the workpiece after machining. Consequently, this leads to an increase in the 

manufacturing costs of machining operations, especially of thin-walled elements, 

due to shortages and increased manufacturing time. 

It is recommended that multiple methods for minimizing machining errors be 

utilized to improve the quality of thin-walled elements, such as: 

 optimization of the machining strategy, 

 increasing the cutting speed vs, 

 optimization of cutting parameters, especially feed per tooth fz and the 

thickness of the cut layer ae due to the minimization of the cutting force 

component perpendicular to the surface of the milled wall (Mativenga  

& Hon, 2005). 
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In the aviation industry, the geometry of an aircraft is designed according to 

the laws of aerodynamics. Then, the particular aircraft assemblies, subassemblies 

and parts are designed on the basis of the developed geometry. The designer has 

a limited area to design a part within, and he/she needs to conform it within  

the constraints of that area using the best (the highest) strength-to-weight ratio. 

The strength-to-weight ratio is the basis for selecting material types to be used  

in the construction of the aircraft. The parts are designed and the appropriate 

material types (aluminium, titanium, steel, composite) are selected depending  

on the loads which occur in the aircraft. Full block material, a forging, or a casting 

is used for blanks. The most commonly used materials for aircraft constructions 

are composites, aluminium alloys, and titanium alloys. In recent years, high 

competition in the aviation industry has caused very rapid development of modern 

manufacturing processing. Currently, a lot of aircraft parts are manufactured 

”ready-made” from the full quantity of the material. The integral aircraft parts 

typically require removal of up to 95% of the material over the course of the pro-

duction process. In order to realise such large volume machining processes,  

it is ncessary that highly efficient methods be used so that production can be cost-

effective. High Speed Milling technology makes this possible. Moreover,  

the manufactured parts are homogenoeus and have better physical properties.  

The lack of riveted joints results in a lighter part structure with a higher strength-

to-weight ratio (Adamski, 2010). A comparison of the ”buy-to-fly” ratio (the total 

weight of the purchased materials to the part mass of the finished aircraft) of some 

aircraft elements is presented in Table 1. 
 
       Tab. 1. A comparison of ”buy-to-fly” ratios for various manufacturing technologies 

Manufacturing technology type „Buy-to–fly„ ratio 

Machining from the forged block  30 : 1 

Machining from the sections 12 : 1 

Die forgings 8 : 1 

Laser machining 3 : 1 

Form casting 1.4 : 1 

Pressure die-casting  1.2 : 1 

Additive Manufacturing 1.2 : 1 

 

The results show that the High Speed Milling technology is one of the most 

material-consuming methods, resulting in a high percentage of material turned 

into chips. However, the remaining advantages, especially the reduction of the part’s 

production time resulted in further development of this technology. For instance, 

the manufacturing time of an F-15 aircraft’s aerodynamic brake has been reduced 

from about 3 months to 12 hours. An analysis of HSM technology usage in the 

aviation industry requires consideration of technical and economic factors 

significantly influencing the application of this method. The most important of 

these are: 
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 Market requirements – increasing market competition presents greater 

challenges. Shortening procurement deadlines and reducing costs makes 

the HSM an effective tool to meet the demands of tightening procurement 

deadlines and cost reduction programs. 

 Materials – implementing new materials (which are more difficult for 

machining) increases the need for developing new machining solutions. 

 Quality – the requirement of parts and product quality influencens safety 

and this is caused by competition. Implementing HSM offers many new 

solutions in this field, for example reducing manual machining. 

 Production process – implementing HSM techniques causes a shortening of 

the production cycle by decreasing the number of operations and sim-

plifying logistics. 

 Design and development – HSM technology enables rapid implementation 

of new products by linking HSM technology and the design process. 

 Product complexity – increasing demands relating to the functions of products, 

especially in the aviation industry, forces their accuracy and shape complexity, 

which can be ensured with the highly efficient HSM technology. 

 Manufacturing capabilities – implementing CAD/CAM systems related to 

HSM technology increases the manufacturing capabilities of companies 

making them more competitive on the market. 

The main effect of implementing HSM is a significant reduction in machining 

time. Additional effects from using HSM are: 

 Simplified mounting, 

 Lower cutting forces, 

 More clean tool edges (lack of build-up on edges), which results in fewer 

deformations during the machining process, 

 Smoother surfaces – a finishing machining is not required, 

 Less wear on tools.  

 

The CAM systems not only generate a tool path but are also used for its 

verification and optimization in order to reduce the error amount, possibly even 

to zero. The nature of the aviation industry is small-volume production which 

requires flexibility even at the stage of technological production preparation 

where the integrated CAD and CAM systems are especially useful. 

The planning strategy for machining of thin-walled compound structures used 

in the aviation industry requires taking into account both the principles 

recommended for CNC machine programming and also the specific features of 

thin-walled structures with a high ratio of wall height to wall thickness, especially 

when using HSM. For HSM technology, it is important to choose an appropriate 

machining strategy, especially for smooth aircraft thin-walled structures such as 

frames, ribs, etc. In those cases, the typical parameter is the wall’s ratio of height-

to-wall thickness. Three cases can be distinguished: 
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 low height-to-thickness ratio < 15:1, 

 moderate height-to-thickness ratio < 30:1, 

 high height-to-thickness ratio > 30:1. 

 

This ratio reflects the elastic stiffness of the workpiece and, consequently,  

the deformations which occur during machining. In order to reduce wall bending, 

the appropriate number of tool passes needs to be used. Moreover, the time of tool-

workpiece contact needs to be reduced by using high cutting speeds and a low 

ratio of cutting depth ap to cut layer width ae. The stability of the tool and the 

machined wall has a great impact in the process. Milling in reverse should be used 

in the case of less rigid support of the thin-walled object. For a height-to-weight 

ratio < 15:1, only one side of the wall should be machined in non-overlapping 

passes. Milling needs to be repeated for the opposite side and the allowance needs 

to be left for finishing machining (Kuczmaszewski, Pieśko & Zawada-Michałowska, 

2017). 

 

 

2. EXPERIMENTAL PROCEDURE 

The aim of the technological and geometric research studies was the aircraft 

frame, made of an aluminium alloy 7075 (EN 10204) with a chemical composition 

as follows: Al 89.72%, Cu 0.09%, Mn 0.11%, Mg 1.6%, Zn 0.03%, Si+Fe 2.5%. 

The mechanical properties of the 7075 T6 alloy measured in the temperature of 

21°C for a velocity tensile of 0,001 s-1 are as follows: tensile strength Rm = 562 MPa, 

yield strength Rp0,2 = 518 MPa, Young’s modulus E = 71,7 GPa, Poisson’s ratio 

ν = 0,33, elongation = 13 %, and hardness = 180 HV1 (Fig. 1). Two 60 x 1190 x 

1215 mm blocks with a total weight of 243kg were used as semi-finished products 

and were delivered in a solution state. 
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Fig.1  Stress-strain curve for aluminium alloy 7075 

The overall dimensions of the workpiece were 1012 x 1354 x 55.8 mm.  

The walls were 1, 2 and 3 mm thick. The largest free flat surfaces (without ribs) 

were 393 x 385.4 x 1 mm. The ratio of the ribs height to its thickness h/g was  

in the range of 10–12.9. The passes radiuses between the walls and the ribs were 2 mm. 

The frame was machined by the two DMU 75 machines (roughing). The machining 

was performed simultaneously at the two machines using different manufacturing 

technologies. The roughing was done with a spindle rotational speed of n = 15000 rpm 

and this was intended to prepare the machining datum surfaces for subsequent 

operations. The workpiece was mounted to the machine table by pressure clamps.  

The machining was performed in two phases: shaping and finishing. Two 

workpieces were machined simultaneously on the two machines, while the sym-

metrical and asymmetrical machining of the pockets were used. In the first case, 

the frame pockets were oriented symetrically to the workpiece axis and they were 

machined in an alternate way. For asymmetrical machining, the pockets were 

milled alternately in relation to the symmetrical axis of the frame. For such treatment, 

integral deformations of the frame were estimated after the machining process. 

Manufacturing of the double-sided frame pockets required preparing the ma-

chining bases and the bases needed to set and mount the workpiece on the milling 

machine. Therefore, a flange with cylindrical holes was made from the semi-

finished material. The flange was a machining datum surface and the holes 

enabled mounting of the workpiece on the machine table (Fig. 2). Those bases 

were removed in the final frame machining operation after being done ”on the ready”. 
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According to the assumptions of the construction documentation, the linear 

dimensions tolerance of the frame is determined by the norm BN-85/3813-79 – 

Deviations of non-tolerated dimensions, shape and location for aviation products. 

For the frame walls, the tolerances are: 

g = 1–3mm, the deviations are: 0; 0.25 mm 

For the rib height: 

h = 20–25.8 mm, the deviations are: 0; –0.52 mm  

For the overall dimensions: 

1012 x 1354 mm, the dimensions are: 0; –2.6 mm 

 

 

Fig. 2. The frame mounting by technological bases and additional holes  

during the pocket machining 

Mechanical machining of the frame was performed in two stages: pre-

machining and finishing. A number of passes in all cases was determined by the wall 

dimensions and the axial cutting depth. The basic requirement in the machining 

process was to ensure as little deformation of the ribs as possible and also ensuring 

appropriate surface roughness during the finishing machining. In the machined 

frame, 2 mm finishing allowances were used for large face surfaces and about 0.2 mm 

on the ribs walls with a thickness of 1–3 mm. In order to reduce the wall 

deformation, the contact time between the tool and the workpiece had to be 

shortened. It was obtained by using high speed cutting (high tool rotational 

speeds). The subsequent treatment which ensured high machining precision of 

smooth frame walls (the height-to-thickness ratio was approximately 13) was to 

maintain a proper machining strategy. The most effective strategy was alternate 

pocket machining with the change of machining sides and with machining to  

the same levels in each pocket. During machining of thin walls it is recommended 

to mill in reverse. 
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For the most reasonable cutting parameters, shank cutters with sintered carbide 

pads were used and the variable depths and widths of the milled layer were also 

used. The parameters are presented in Table 2. The best results of the cutting 

process efficiency were obtained using the Φ16 mm cutter and the lowest surface 

roughness and waving were obtained using the Φ8mm cutter. 

 
Tab. 2.  The cutting parameters used during the frame machining 

No. 

Cutter 

diameter 

Φ mm 

Cutting 

speed 

νc m/min 

Cutting 

depth 

ap  mm 

Cut layer 

width 

ae mm 

Feed rate fz 

mm/tooth 

1. 6 250 1 0.05–0.075 0.03 

2. 8 300 2 0.05–0.075 0.055 

3. 16 350 5 0.05–0.075 0.07 

 

 

3. RESULTS AND DISCUSSION 

It can be stated that the implemented technology can be used for thin-walled 

structures manufacturing where the chips mass can be up to 95% of the initial 

material. It should be emphasized that the frame weight is 3.85 kg. As a result of 

the machining, the frame compatible with the structural documentation was 

obtained (Fig. 3).  

The weight of the finished frame was 3.15 kg and the weight of the initial 

material was 243 kg, so the product weight was 1.3% of the initial material. 98.7% 

of the semi-finished material was changed into chips. Therefore, the ”buy-to-fly” 

ratio (weight of the initial material to the weight of the final product) was 77.1. 

The maximum contact time between a cutter and a workpiece during the milling 

process was: a) 𝑡 = 3,75 ∗ 10−3𝑠; b) 𝑡 = 6,38 ∗ 10−4𝑠. 
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Fig. 3. The finished frame after mechanical machining (shaping) 

The frame was optically measured by the GOM scanner in order to verify its 

shape, dimensions, and spatial displacements (Fig. 4, Fig. 5). This research 

allowed to determine linear dimensions of the particular frame elements and to 

create digital and contour maps showing the frame stereometry. Those maps 

mostly allowed evaluation of the deformation potential of the large frame surface. 

The deformations can be caused by internal stresses generated in the structure 

during mechanical processing (Shih &Yang, 1993; Shet & Deng, 2003). 

The dimensions analysis shows that the deviations of the linear dimensions fall 

within the predicted tolerances. The block is mainly deformed towards the shorter 

axis of symmetry and the displacements are symmetrical towards the longer axis 

of symmetry. The highest relative displacement values are 0.57 mm. The GOM 

scanner ensures the precise measurements with a margin of error of +/– 0.25 mm. 

However, this method shows in a reliable way what deformations should be 

expected in the machining of products of a similar structure. 
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a) 

 

b) 

 

Fig. 4. The maps of the linear dimensions and displacements of the frame elements  

after the mechanical machining: a) top side, b) bottom side 
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a) 

 

b) 

 

Fig. 5. The maps of the linear dimensions and displacements of the frame elements  

after the mechanical machining 

For a precise evaluation of the ribs’ wall thicknesses, which are the most 

significant when considering construction strength, they were measured using  

a micrometer. The measurements were done at the ribs’ points which were expected 

to be the most vulnerable to deformations during machining. The measurements 

were done at the base of the rib and at the top. The layout of the measurement 

points is presented in Figure 6, while the measurement results are presented  

in Table 3.  
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Fig. 6. The measurement points layout (the part after finishing) 

Tab. 3. Thickness dimensions of the particular frame walls 
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1. 2.00 2.02 11 3.01 3.01 21 2.01 2.02 

2. 2.01 2.02 12 2.05 2.01 22 2.05 2.02 

3. 2.01 1.95 13 2.01 2.01 23 1.99 2.00 

4. 1.95 2.02 14 2.01 2.01 24 1.05 – 

5. 2.00 2.02 15 2.00 2.02 25 1.07 – 

6. 2.05 2.00 16 2.00 2.00 26 1.06 – 

7. 1.96 1.95 17 2.00 2.00 27 2.00 2.02 

8. 1.95 1.96 18 1.98 – 28 2.00 2.01 

9. 2.00 2.05 19 2.00 – 29 2.01 2.02 

10. 3.01 3.01 20 1.95 – 30 2.01 2.01 

 

  In order to estimate the shape, dimensions and spatial displacements of the 

frame as a finished subassembly, it was checked on a control device which is used 

to control the frames currently used in the aircraft (Fig. 7). The research has 

proved that the frame dimensions fall within the tolerances predicted in the 

technical documentation. The dimensions also conformed to the norm BN-

85/3813-79, which is used for verifying non-tolerated deviations, shape, and location 

for aviation products. 
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Fig. 7. The finished frame mounted in the device used for checking the aircraft frames 

4. FINAL REMARKS AND CONCLUSIONS 

 The use of High Speed Milling technology for machining of thin-walled 

aircraft frames is possible due to the precision of the workpiece and the machining 

capabilities of the 7075 aluminium alloys. Appropriate cutting parameter selection 

ensures good surface roughness and waviness. 

 In the case of the walls machining having a height-thickness ratio of less than 

15, the influence of the structure deformation on the workpiece’s dimensional 

precision is not important and it falls within the tolerance of the milling machine. 

For larger walls slenderness, this influence starts to be visible and needs to be mini-

mized by the cutting speed selection (feed rate, cutting depth). 

 Providing dimensional-shape precision during the machining requires an appro-

priate selection of the technological bases and the mounting method of the work-

piece. In compound spatial structures some additional bases ensuring mounting 

stiffness should be implemented and then removed during the final operations. 

 The final HSM technology application allows the producer to reduce the work-

piece machining time. The manufacturing time of the frame (including software 

preparation) is 320 hours. The frame manufacturing time can be reduced to 15 hours 

in the series production by using the proven control program and the experience 

gained during the prototype manufacturing. The roughing time of the frame  

is about 18 hours, and the finishing is about 5 hours, which overall takes about  

23 hours to manufacture the frame using the HSM technology. When comparing 

the HSM method to conventional machining methods, it needs to take about  

141 hours to manufacture the frame by conventional milling. 
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 The completed part is an integral construction replacing the current methods 

of manufacturing the same element by plastic processing of individual parts  

(30 or more parts) and then joining them by fasteners. The overall manufacturing 

time of individual elements of the frame was more than 6 times more hours than  

the manufacturing time of the proposed HSM method. Simultaneously with the benefits 

resulting from the reduction of the manufacturing time of the frame, the benefit  

of the proposed technology is also the quality and accuracy of the manufacturing 

as well as the roughness class of the surfaces. 

 

 

Acknowlegments 

The works were carried out within the project "699757/SAT-AM” – Work 

programme topic: JTI-CS2-2015-CPW02-AIR-02-07. More Affordable Small 

Aircraft Manufacturing; Airframe itd. Grant Agreement No: CS2-AlR-GAM-

2014-2015-01 (annex III) co-financed by Horizon 2020 Clean Sky 2. 

Special thanks go to the teams from: Instytut Lotnictwa, SZEL-TECH Szeliga 

Grzegorz, Zakłady Lotnicze Margański&Mysłowski, PZL Mielec, CIRA, Eurotech, 

Metrol and Ultratech. 

 

 
REFERENCES 

 

Lundblad, M. (2002). Influence of Cutting Tool Geometry on Residual Stress in the Workpiece.  

In Proc. Third Wave AdvantEdge User’s Conferece (Paper 7). Atlanta, GA. 

Shet, C., & Deng, X. (2003). Residual Stresses and Strains in Orthogonal Metal Cutting. Int. J. 

Machine Tools Manuf., 43(6), 573-587. doi:10.1016/S0890-6955(03)00018-X 

Shih, A. J., & Yang, H. T. Y. (1993). Experimental and Finite Element Predictions of Residual Stresses 

Due to Orthogonal Metal Cutting. Int. J. Num. Meth. Eng., 36, 1487–1507. doi:10.1002/ 

nme.1620360905 

Adamski, W. (2010). Manufacturing development strategies in aviation industry. Advances in Manu-

facturing Science and Technology, 34(3), 73–84. 

Mativenga, P. T., & Hon, K. K. B. (2005). An experimental study of cutting force in high speed end 

milling and implications for dynamic force modelling. Journal of Manufacturing Science 

and Engineering, 127(2), 251-261. doi:10.1115/1.1863254 

Kuczmaszewski, J., Pieśko, P., & Zawada-Michałowska, M. (2017). Influence of Milling Strategies 

of Thin-walled Elements on Effectiveness of their Manufacturing. Procedia Engineering, 

182, 381-186. doi:10.1016/j.proeng.2017.03.117 


