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This paper presents the specifics of the two types of end-milling, up- and down-milling, in the context of process planning of a finishing

operation for machining complex pocket features. An optimisation mechanism is used for a pocket type of end-milling operation with

the aim of comparing the results from up- and down-milling. Two sets of cutting conditions have been generated and analysed for

each type of end-milling- one with constant parameters for the entire tool path, derived from the worst case of cutting (representing

the usual process planning approach) and another set representing the optimised process. The predicted results were verified through

experiments. The optimized cutting parameters, when machining the critical corner, demonstrate the important changes in magnitude

and direction of the radial cutting-tool deviation and surface error.
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1. Introduction

Despite tremendous developments in CAM software, cutting-tool

technology and machine-tool technology, end-milling results still depend

to a large extent on the knowledge inherent within manufacturing staff.1-3

End-milling machining is a complex process in terms of process planning

due to intricate geometry, the evolution of new materials, and high-

precision requirements of the final product. Consequently, the full

potential of the machine tool system is under utilised in many cases.

CAD/CAM systems can generate CNC programs based on the part

geometry, but they do not help programmers to choose appropriate

cutting conditions and other process parameters, such as step over,

cutting direction, cutter entrance and exit, and type of transition

between the strokes of the tool path. The other issue in finishing pocket

milling is determining which type of end-milling should be used: Up-

Milling (UM) or Down-Milling (DM). Traditional workshop practice

recommends DM for finishing profiling. Some researchers also

consider DM as a better method for finishing. Landon et al.4 state that

in the engineering industry, finishing milling using DM aims to

preserve the cutting tools and obtain a better surface finish than can be

achieved with UM. Hatna et al.5 recommend DM, because it gives a

better load on the cutting edge and allows the use of higher speeds and

feed rates. However the research of Lee and Ko6 claims that the

accuracy of a surface cut by UM is much better than the accuracy of

the same surface machined by DM. This paper investigates further how

the type of milling affects the process efficiency and process accuracy.

It presents the specifics of UM and DM in the context of optimisation

of an end-milling machining process of a pocket-type part feature. The

key parameters used for accessing the efficiency and accuracy of the

milling processes are Surface Error (SE), radial cutting-tool deviation,

surface roughness and the machining time. A comparison of two end-

milling operations is presented when UM and DM are applied.

2. Cutting force, tool, and machined surface models

Cutting force model. The specifics of the chip-thickness creation

process in UM and DM reflect the direction and the magnitude of the

cutting forces (Fig. 1). A mechanistic force model has been adopted as

the most appropriate for cutting force analysis in this study. This

model7 directly represents the effect of the variation of the chip

thickness on the cutting forces, and then on the part accuracy. The FY

cutting force causes the radial cutter deviation in the milling process. In

DM it is generally larger than the equivalent force in UM. Although in

both cases FY direction is the same, in UM the FY is towards the

machined surface and could cause overcut. In DM, the FY force is

directed away from the machined surface and could create undercut.

The total instantaneous FX, FY and FZ force components at the cutter
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rotation angle θ (i,k,j) are the sum of the forces acting on the

simultaniously engaged flutes (k) and disk elements ( j) in cutting:

(1)

where 

ξF(θ (i, k, j)) is an index to indicate that tooth at elemental angle rotatio

i is in the cut at angular position θ (i, k, j):

ξF = 1 if τentry angle<θ (i, k, j) < τexit angleξF = 0 - otherwise.

Knowledge of the specifics of the two milling types included in this

modelling helps in making effective decisions during the process

planning. The proposed mechanistic cutting-force model is a major

element of the simulation and the optimisation processes of the end-

milling operation. All computer programmes developed for this end-

milling simulation have been coded and run using MATLAB. 

Cutting tool deflection estimation. To assess the accuracy of the

planned milling operations a static model of the deflected cutting tool

has been employed which considers the end mill as a cantilever.7 The

cutting tool is simplified as a two-step cylindrical cantilever beam, due

to the distinct geometry of the cutter and thedual-mode deflection of a

cutting tool is based on models addressed by Gere and Timoshenko8

and Xuet al.9

Generation of the machined surface. During the cutting process

the surface topography is created by the coordinated movements

between the cutting tool and the work-piece. When a helical cutting

tool is employed in an end-milling operation several elemental axial

disks take part in cutting. Only one of them generates the machined

surface topography at a certain moment. The elemental disk that forms

the machined surface is the disk a(j) that crosses the surface formation

line at a certain rotational angle θ (i, k, j), as shown in Fig. 2. Although

only the deviation of the cutting tool at the crossing point between the

helical cutting edge and the surface formation line defines the SE, the

other elemental disks that are simultaneously engaged also contribute

to the error. In this surface generation mechanism the specifics of the

chip formation and cutting forces magnitude and direction in up- and

DM play a significant role. The results of the predicted cutter deviation

in UM are presented in Fig. 3.

This is an example of finishing end-milling operation when the

radial depth of cutting is 0.5 mm and the axial depth of cutting is 9 mm.

The adopted model for calculating the cutter deflection allows

estimation of the cutting deflection at a given distance as a result of all

simultaneous cutting forces.

At the start of cutting during one cutter rotation, when the chip

thickness is small and one or two elemental disks are engaged, the

deflection is insignificant. In the finishing UM case the largest cutter

deflection occurs at the mid-section of the axial depth of cutting,

because the number of the engaged elemental disks is greater than the

number when disks one and two are crossing the formation line. 

The same finishing cutting conditions were applied to DM. The chip

thickness is at its largest value at the beginning of cutting for a given

elemental disk, and consequently the instantaneous FY(i, k, j) cutting

force has the largest magnitude. The resultant cutting tool deflection for

DM process is shown in Fig. 4. At the crossing points 1-5 the cutter

deflection is larger compared with points 6-9, when the number of the

engaged disks is reducing gradually. Hence, the FY(i, k, j) cutting forces

values reduce due to the points being closer to the clamped end of the

cutter. The real trajectory of the cutting tooth is trochoidal. UM and

FX θ( )
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FZ θ( )⎩ ⎭
⎪ ⎪
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Fig. 1 The cutting forces in up-milling and in down-milling

Fig. 2 The process of surface generation in end-milling operation

Fig. 3 Cutting tool deflection in up-milling

Fig. 4 Cutting tool deflection in down-milling
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DM do not use the same part of the trochoidal tooth path during the

cutting because of the different rotational directions of the cutter, as

shown in Fig. 5. In DM, the height of the feeding marks hdown is larger

than those in UM hup obtained with the same feed rate. Therefore the

surface roughness in DM is expected to be larger compared to UM. 

3. The optimisation process for end-milling

The optimisation process used in this section is based on models in

section 2 and on ‘in tolerance’ optimisation strategy developed for

finishing end-milling operations.7 The strategy adopts a model-based

method10 for optimisation and is an off-line technique that adjusts the

controlled parameter to the maximum allowed limit, before the actual

cutting, based on the predicted data from the process model. The feed

rate is the controlled parameter in the optimisation process and the

required surface tolerance and the surface roughness are the constraints.

For the general case, it is assumed that the cutting tool, machine tool

and machining process are determined, and the dimensional accuracy

and surface roughness are specified. As the cutting-tool deviation

reflects the action of the cutting forces and is the dominant parameter

in the machining error estimation, it takes the major role in the

optimisation process. The optimised end-milling processes are judged

in terms of a combination of surface accuracy, surface roughness and

machining (finishing) time. The radial component of the cutter

deflection contributes to the surface accuracy and its magnitude is

controlled in certain limits defined from the required surface tolerance.

The maximum allowable value for the radial cutter deflection when the

worst cutting conditions for a given tool path are applied, is called the

limiting radial deviation δ lim. The limiting radial deviation defines the

maximum cutting force (Fmax) and the required feed rate for achieving

the surface accuracy. The limiting radial deviation of the cutting-tool is

derived by taking into account the required surface tolerance (±Δtotal),

the machine tool geometric errors (Δmt), the tolerance of generating the

tool path (Δtp), the tolerance of the diameter of the cutting-tool (Δct),

and the additional cutting process errors (Δadd). The key relation

between these parameters is given below:

 (2)

The new optimised feed rate (fopt) is then obtained using the limiting

radial cutting-tool deviation (δlim), the maximum radial deviation

produced by constant feed rate (δrad (fcon)) at every important tool

location (Xc,Yc), and the constant feed rate (fcon):

 (3)

The optimisation process has been applied to a pocket-type test

piece presented in Fig. 6, and the inside corner geometry is highlighted.

The roughing radius was set at 25 mm and the finished inside-

corner radius at 16 mm. The difference between the radius of the

roughing cutter and the radius of the finished corner creates a cutting

geometry with variable chip thickness representing the general case of

corner milling. The test piece incorporates two identical surfaces,

which allows a paired-comparison experiment to be implemented. The

two controlled surfaces of a test piece were cut with two different

cutting conditions. The first was derived from the worst-case of

cuttingand the second one was obtained after applying the optimisation

strategy to the same contour with variable geometry. The required

overall tolerance for the given contour was set at Δtotal = ± 0.05 mm.

The tool path generating tolerance was Δtp = ± 0.005 mm, the cutting-

tool tolerance was Δct = ± 0.005 mm, and the additional cutting process

error was Δadd = ± 0.005 mm. The geometric accuracy of the machine

tool (Mikron HSM 400) used in the experiments was specified at

Δmt = ± 0.005 mm. Taking into consideration the above tolerances, the

allowable deviation of the cutting tool under the cutting forces was

calculated to be δlim = ± 0.03 mm. This accuracy constrain was applied

to both types of end-milling: up- and DM. The cutting tool and work-

piece data used in the experimental work is presented in Table 1 as KR

and KT are radial and tangential cutting force coefficients.

 totalΔ δ
lim 

 tpΔ  ctΔ  mtΔ  addΔ+ + + +=

fopt Xc Yc,( ) fcon
δ
lim

δrad fcon( )
---------------------=

Fig. 5 Trochoidal tool path in up- and down-milling
Fig. 6 The geometry of the test piece surfaces and coordinates of the

key points of the corner

Table 1 The experimental data for the cutting processes.

Cutting tool: 16 mm HSS 3 fluted with 30o helix angle

Cutting tool rake angle: 7o

Cutter overall length: 77 mm

Cutter effective length: 50 mm

Flute length: 30 mm

Cutting-tool material: High Speed Steel (HSS)

Modulus of elasticity: 200 GN/m2 for HSS (Ashby and Jones 1996)

Test-piece material: Aluminium alloy 6082

Cutting-force coefficients:

Machine tool: Mikron HSM 400

CMM: Mitutoyo Euro-C Apex 121210

KT 1292 tc( ) 0.1657–
  KR 0.4477 tc( ) 0.01307–

==
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Up-milling modelling and optimization. The optimization produced

two sets of results. The first set presents the constant cutting condition

when the entire tool path is cut with the same feed rate and the second

set of data presents the optimised variable cutting conditions. It is a

result from the application of the adjustment mechanism to the whole

tool path, while satisfying the accuracy requirements. After the

constant and variable feed rate cutting conditions have been generated

the corresponding predicted radial cutter deviation based on the cutting

forces have been synthesised and compared. Fig. 7 shows the results

from the optimisation process when UM is used. 

The two contrasting feed rates are shown together, with respect to

cutting-tool travel distance. The constant feed rate was defined at

0.048 mmpr. The optimised feed-rate varies along the tool path starting

with the maximum allowable value for the straight cutting when the

chip thickness is constant and the load is low. Then it decelerates to the

constant feed-rate value at the point of peak chip thickness (i.e. the start

of the corner), and then accelerates back to a maximum according to

the chip load at every cutter position. The feed rate in the straight

segment is lower than the maximum allowable from the cutting-tool

deviation condition because of the limitation of the surface roughness

criterion, which was set by the arithmetical mean deviation of the

profile to be Ra= 0.8 μm. The transient cutting conditions prior to the

point of maximum chip thickness reduces the feed rate before the

corner, which limits tool loading and creates an overall smoother

milling process. At the end of the corner, the chip thickness becomes

constant and equal to the chip thickness at the straight part of the

pocket, and the feed rate obtains the highest allowable rate. The

positive direction of the predicted cutter deflection means that the

deviation is toward the machined surface, and the negative deviation is

directed out of the nominal part surface. In UM when the engagement

angle is small the deviation is negative, but at the corner and in the

transient sections of the tool path when the engagement angle is

changeable and larger, the predicted cutter deviation is directed towards

the machined surface.

Down-milling modelling and optimisation. The same optimisation

requirements were applied when DM was assessed. The results from

the optimisation process and from the constant cutting condition are

shown in Fig. 8. For the case of DM the predicted cutter radial

deviation is entirely negative. The expected SE component, which is as

a result of the radial deviation of the cutting tool, is directed out of the

machined surface. If the milling operation is not well planned, this

could lead to surface undercut. If the machined surface is out of

tolerance as a result of DM undercut it could be reworked, and the

required accuracy achieved. In this case, machining time and inspection

time will be wasted but the SE can be corrected successfully. In both

types of end-milling (up- and DM) the largest deviation of the cutter is

predicted to be at the beginning of the corner where the engagement

angle is at its highest value (travel distance = 48 mm).

4. Results and discussion

After generating the new feed-rate data for up- and DM, two test

pieces were machined applying the new cutting conditions. The

geometry of the part is the same as shown in Fig. 6. The measured SE

for UM with constant and variable feed rate is presented in Fig. 9. As

The first conclusion from the results is that the SE for the two

machined surfaces is well within the tolerance. As predicted, cutting

the straight parts of the tool path is more stable, with small variations

in SE. In the transient parts, and especially at the corner, the SE varies

noticeably. The SE resulting from the variable feed-rate application is

larger in the straight segments compared to the error for the

corresponding surface machined with constant feed rate. But at the

corner, the peak SE obtained from the constant feed-rate cutting is

larger than the equivalent error of the surface machined with variable

feed-rate conditions. Taking into consideration the larger values of the

variable feed rate compared to the constant feed rate it can be

concluded that the optimised cutting conditions satisfy the design

requirements and create a more efficient milling process. Compared to

DM, the radial force FY in UM is smaller, when the other process

conditions are the same. This creates a smaller SE and a better accuracy

in UM. The comparison of the measured SEs with the predicted radial

cutting-tool deviations presented in Fig. 7 shows good agreement

between them. The SE resulting from the constant cutting condition

Fig. 7 Constant and variable cutting conditions in up-milling Fig. 8 Results from the optimisation process for down-milling

Fig. 9 The measured SE in straight and corner segments of the

controlled surfaces with UM
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reaches its peak value at the beginning of the corner cutting and then

gradually decreases.

The predicted cutting-tool radial deviation follows a similar trend.

The variable feed-rate was generated with the aim of keeping the

SEand the predicted radial cutting-tool deviation at the highest

allowable level. At the corner the predicted radial deviation is constant

and analogous results were obtained for the SE. The influence of the

different errors during the milling process resulted in variation of the

measured SE, but the main trend is evident. The SE results for the

straight segments for both constant and variable feed-rate conditions

are in good agreement with the predicted radial deviation of the cutting

tool. Fig. 10 presents the measured SE in the straight segment of cutting

when UM is involved in the milling process. The SE differs from the

trend of the predicted cutting-tool deflection shown in Fig. 3. The

cutting-tool deflection has small values in the presented case of finishing

cutting and does not contribute to the SE significantly. The other errors

that are present during the milling predominate over the final SE. In the

surface cut with variable feed rate, the largest value of the SE is around

the maximum allowable of -0.050 mm. Both SE curves generally follow

the trends of the predicted cutter deviation shown in Fig. 8. For the

surface cut with constant feed rate, the SE starts to increase after the

beginning of the transient segment. The changes in SE values reflect

the larger chip thickness at the corner, compared with the straight

cutting. In the corner cutting the increase of the SE is not significant,

showing a trend of keeping the SE almost constant. During the second

transient cut, where the cutting tool is leaving the corner, the SE

decreases until the chip thickness becomes constant.

For the surface cut with variable feed rate, the optimised cutting

conditions hold the SE at higher values during the corner milling. At

the corner, the curve representing the variable cutting condition is in

good agreement with the predicted radial cutting-tool deviation (shown

in Fig. 8). The measured results prove the ability of the variable feed-

rate condition to overcome the increase of the chip thickness in the

corner segment.

The second test piece was cut using DM and the SE results from

this cutting trial are presented in Fig. 11.

The SE results, when DM was employed, are significantly different

than the results for UM. Despite the fact that the feed rates (constant

and variable) have lower values in DM, the SE obtained with this type

of milling is considerably larger. The measured SE results in a straight

segment of the tool path, when DM was engaged are presented in Fig.

12. There is a good agreement between the predicted cutting-tool

deflection shown in Fig. 4 and the measured SE.

The results from the test pieces cut with up- and DM are

summarised in Table 2. UM demonstrates better results than DM in

terms of process efficiency, surface accuracy and surface roughness.

The overall SE and predicted cutter radial deviation in UM are lower

than the same parameters in DM. At the same time, the feed-rate

generated for UM is larger than the feed-rate in DM when the same

process requirements have been applied.

The maximum SE in DM is significant due to the specifics of this

type of milling. Besides the fact that the radial cutting force in DM is

larger than the same force in UM, in DM the FY force is directed out

of the machined surface and there is nothing to resist the cutter

deviation. In UM when the radial force becomes larger its direction is

towards the machined surface, which resists deflection. The surface

roughness results do not exceed the required surface roughness

Ra= 0.80 μm, and also establish UM as the better method for finishing

milling. The constant feed-rate condition creates lower roughness than

the surface roughness of the strips cut with optimised feed-rate

conditions. The roughness measurements were taken from the plane

parts of the machined surface (Fig. 6 straight segments A and straight

segments B), where the variable feed rate is at its highest andthe

direction is along the tool path. In both types of milling the operations

Fig. 10 The measured SE in straight segment as a result of UM

Fig. 11 The measured SEwhen down-milling was applied

Fig. 12 The measured SE in straight segment as a result of DM

Table 2 Summary of key machining measurements for the optimised and

constant feed-rate conditions (magnitude values of the SE are given)

Up-milling Down-milling

Constant 

Feed Rate

Optimised 

Feed Rate

Constant 

Feed Rate

Optimised 

Feed Rate

Maximum 

Measured SE, (mm)
0.0129 0.0115 0.0421 0.0506

Measured Surface 

Roughness Ra, (μm)
0.0680 0.2620 0.1950 0.2530

Finishing Time

(±1 s) (s)
55.0 12.0 97.0 25.0
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cut with optimised feed-rate are more efficient than the operations with

constant feed rate. For UM, the machining time of the optimised tool

path is 78% shorter than the machining time of the operation with

constant feed rate. In DM the machining time of the optimised

operation is 74% of the machining time with constant feed-rate cutting.

This geometry was deliberately designed to create extreme cutting

conditions. The experimental results confirm the predicted trend.

Comparing the finishing machining times, UM is 46% more efficient

than DM. These results contradict the recommendations made by

Landon et al.4 Landon et al.4 accept that the SE in UM is lower than

the same error in DM; but their results show larger values for the

surface roughness in UM. They conclude that DM is better for

finishing operations than UM because it produces better surface finish,

and prevents the cutting tool from rapid wear. All experimental results

from this research demonstrate the advantage of UM over DM. Also,

they are in agreement with the results of other researchers (Lee and Ko6

and Toh.11 The effect of different radial and axial depth of cutting on

the surface accuracy needs to be compared when up- and DM are

involved. The investigation of the cutting tool wear in up- and DM will

contribute to the overall process capability assessment.

The corner-cutting model and geometry employed in this research

work cover a variety of realistic cutting conditions, which can be found

in a range of end-milling profiles. Previous researchers, such as Loftus

and Wang,12 have investigated simpler cutting scenarios in which the

roughed surface is an offset of the finished surface, and the cutting

allowance is constant for the whole contour. The model presented here

is capable of defining the cutter engagement under various cutting

conditions. The experiments presented in this paper confirm the need

for a wider use of end-milling optimisation that takes into consideration

the work-piece material, the tool-path geometry, the design tolerances

and the cutting-tool specification, otherwise worst-case feed-rate settings

will predominate.

5. Conclusions

This paper presents the specifics of the two types of end-milling,

up- and DM, in the context of process planning of a finishing operation

for machining complex pocket features. The chip formation and cutting

forces create distinguishable forms of SE when up- and DM are

applied. The required surface accuracy has been obtained by applying

the optimisation mechanism which adjusts the feed rate to a limiting

value. The limiting value is defined by the required surface tolerance

and the surface roughness. Two different cutting conditions of each

type of end-milling have been simulated and experimentally verified.

The advantage of the variable cutting conditions over the constant

cutting conditions is significant in both up- and DM processes as

presented in Table 2. UM has appeared as the more efficient type of

end-milling, compared to DM. The results show that the finishing

machining time can be reduced in both machining with constant and

with variable feed rate by applying UM. The measured SE and surface

roughness have lower values in the work-piece machined with UM

than in the test piece cut with DM. At the same time, the feed-rate

generated for UM is larger than the feed-rate in DM when the same

process requirements have been applied. The predicted and

experimental results confirm the importance of the type of end-milling

engaged in finishing cutting when complex pocket type surfaces are

machined. The corner cutting was demonstrated as a critical case of

finishing cutting, which needs special analysis and planning, regarding

the SE and the type of end-milling used for its machining.
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