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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
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2017. 
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract

This paper investigates the cutting forces during the machining of additively manufactured metals. Two pairs of workpieces were 
produced by powder bed direct metal selective laser sintering. These workpieces included a 17-4 stainless steel substrate (wrought) 
and a 17-4 stainless steel additively manufactured rib. After manufacture, one pair was annealed and the other was maintained in 
the as-produced state. Each was then machined to identify a cutting force model for the various material states. An instantaneous 
force, nonlinear optimization model was applied to determine the mechanistic cutting force coefficients. Due to the nonlinear
dependence on the commanded feed per tooth, a power law fit was applied to the chip thickness-dependent cutting force 
coefficients. It was determined that there are only minor differences in the cutting force coefficients between the various material 
states. The strongest effect was annealing, which increased the mean coefficients in almost all cases, particularly for the additively 
manufactured bulk material.
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1. Main text 

Powder bed fusion (PBF) is an additive 
manufacturing (AM) technique that enables metal 
components with complex geometries to be produced. 
Increased surface roughness and increased 
dimensional uncertainty are disadvantages of AM as 
compared to computer numerically-controlled (CNC) 

machining [1]. To address these limitations, hybrid 
manufacturing combines additive and subtractive 
manufacturing strategies. This enables complex metal 
parts to be produced with the required surface finish 
and accuracy. An important consideration in hybrid 
manufacturing is the effect of the additive influence on 
material removal in the subtractive step. 
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To determine the influence of the additive step on 
the corresponding cutting forces, a mechanistic cutting 
force model is applied here to identify empirical 
coefficients that relate the required force for material 
removal to the commanded chip width and thickness. 
This paper characterizes these cutting force 
coefficients and explores the effects of the PBF 
process, as well as follow-on heat treating, on 
workpiece surface and material characteristics through 
a collaboration between UNC Charlotte and NIST*.

2. Additive workpieces

A total of four workpieces were used for the 
cutting tests. Each workpiece consisted of a wrought 
17-4 stainless steel substrate (25 mm tall, 50 mm wide, 
150 mm long) and a PBF-deposited rib (25 mm tall, 15 
mm wide, 140 mm long). The PBF process parameters 
were held constant and repeated to create a second pair 
of workpieces. One set of workpieces was heat treated 
at 650 ºC for 1 hr, in an effort to relieve the residual 
stress generated by the PBF process, while the other set 
remained in the as-produced condition; see Figure 1.

Fig. 1. One pair of as-produced workpieces mounted on the PBF 
build platform. Each workpiece has a PBF stainless steel rib (top 

section) and a wrought substrate (bottom section).

Three material regions of interest were identified: 
the wrought substrate, the AM surface material, and 
the AM bulk material. The wrought substrate served 
as a baseline material for which the AM material 
characteristics could be directly compared. The AM 

* Certain commercial equipment, instruments, or materials 
are identified in this paper in order to specify the 
experimental procedure adequately. Such identification is 
not intended to imply recommendation or endorsement by 
the National Institute of Standards and Technology, nor is it 

surface material was defined as the portion of the PBF-
deposited material within 1 mm of the vertical faces of 
the PBF feature. The AM surface (shown by Figure 1) 
generated by the PBF build process exhibited the 
characteristic surface roughness. The AM bulk 
material was the remainder of the PBF feature and did 
not include the rough PBF surface.

Table 1. Overview of the AM workpieces and material regions of 
interest.
Workpiece Material 

region
Heat treat Effects

1, 3 Wrought 
substrate

No As-produced 
baseline

1, 3 AM surface No Rough PBF 
surface

Residual stress

1, 3 AM bulk No Residual stress

2, 4 Wrought 
substrate

Yes Heat-treat 
baseline

2, 4 AM surface Yes Rough PBF 
surface

Residual stress

2, 4 AM bulk Yes Residual stress

Fig. 2. Surface profile measurements along the top surface of the 
PBF stainless steel ribs.

intended to imply that the materials or equipment identified 
are necessarily the best available for the purpose. This 
material is declared a work of the U.S. Government and is 
not subject to copyright protection in the United States.
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intended to imply that the materials or equipment identified 
are necessarily the best available for the purpose. This 
material is declared a work of the U.S. Government and is 
not subject to copyright protection in the United States.
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Fig. 3. Surface profile measurements along the bottom surface of 
the wrought substrate for each workpiece.

In order to characterize the geometric distortion in 
the AM workpieces, the top and bottom surfaces of the 
workpieces were measured with a MarSurf LD 260 
stylus profilometer. A trace from a 120 mm section 
along the top surface of the PBF stainless steel 
substrates is provided in Figure 2. The high spatial 
frequency content is characteristic of the surface 
roughness from PBF processes. This is evident when 
comparing Figure 2 to Figure 3, which reports the 
same measurement performed on a 120 mm segment 
along the bottom of the wrought substrates for each 
pair of workpieces. From the results reported in 
Figures 2 and 3, the annealed workpieces experienced 
a greater amount of out-of-plane distortion.

3. Force modeling

There are a number of strategies available for 
cutting force modeling. In this paper, a mechanistic 
force model is applied to the milling process. The 
mechanistic force model is based on two underlying 
assumptions [2]: 1) the instantaneous cutting force is 
directly proportional to the chip thickness and width; 
and 2) the instantaneous cutting force is independent 
of other operating parameters. While these are 
acceptable assumptions for many applications, 
adjustments can be made to the force model to 
accommodate other process parameters [2, 3].

The cutting model applied in this study relates the 
uncut chip dimensions to the cutting force components 
using Eqs. 1-3 [2]:

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏ℎ + 𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 (1)

𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 = 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏ℎ + 𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 (2)

𝐹𝐹𝐹𝐹𝑎𝑎𝑎𝑎 = 𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏ℎ + 𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 (3)

where Ft, Fr, and Fa are the tangential, radial, and axial 
direction force components, respectively. The 
coefficients kt, kr, and ka relate the force to chip area, 
where b is the axial depth of cut (chip width) and h is 
the instantaneous chip thickness. The edge coefficients
kte, kre, and kae relate the force to the axial depth only 
and are associated with rubbing and non-cutting 
contact [2].

For this analysis, six different force models are 
established for the material regions of interest 
identified in Table 1. The empirical cutting force 
coefficients generated by the force model are then 
used to make a direct comparison between the as-
produced and annealed PBF cases.

A nonlinear optimization algorithm was used to 
characterize the cutting force coefficients. The least-
squares nonlinear optimization method [3] simulates 
the cutting forces over one cutter revolution using Eqs. 
1-3. It then minimizes the differences between the 
simulated and measured cutting forces in the time 
domain. This optimization model takes the form of Eq.
4, where the x, y, and z force components are 
determined from a projection of the rotating force 
components (Eqs. 1-3) using the cutter rotation angle 
[3].

2

( , , , , , )t r a te re ae

x x
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z zsimulated measured

f k k k k k k
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∑
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4. Experimental setup

The cutting force coefficients were determined 
experimentally from a series of machining trials 
performed under stable, down-milling conditions. The 
axial and radial depths of cut were 3 mm and 1 mm, 
respectively. The spindle speed was held constant at 
4000 rpm and the feed per tooth was varied. The 
details of the cutting tests are provided in Table 2.

The tests were carried out on a Haas TM-1 CNC 
milling machine with a maximum spindle speed of 
4000 rpm. The workpieces were mounted on a three-
axis force dynamometer (Kistler 9257B). Cutting tests 
were performed using a 19.05 mm diameter indexable 
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end mill with a single cutting insert attached (i.e., a 
single tooth tool). This configuration eliminated 
potential runout effects. Additionally, a new PVD-
coated micro-grain carbide cutting insert (Sandvik 
Coromant 390R-070204E-MM S30T) was used for 
each test to mitigate the effects of tool wear. The 
machining setup for cutting force measurements is 
shown in Figure 4.

Table 2. Machining parameters used for cutting force 
measurements.

Feed per 
tooth [mm]

Spindle 
speed 
[rpm]

Milling 
direction

Axial depth 
of cut [mm]

Radial depth 
of cut [mm]

0.025-0.125 4000 Down 3 1

Fig. 4. Machining experimental setup.

Table 3. Cutting diameter measurement results.
Insert Diameter difference 

[μm]

1 0

2 152

3 51

4 25 

5 76

6 127

7 0

8 25

9 -25

10 102

Tool cutting diameter measurements were 
performed as each insert was replaced between tests. 
The results are displayed in Table 3, where the 
measurements were performed in the machine spindle 
using a Mitutoyo dial indicator and a Noga dial gage 
holder. It was concluded that this effect could be 
neglected in the subsequent force modeling.

The cutting force measurements were repeated two 
times for workpieces 1 and 2 and three times for 
workpieces 3 and 4 in order to establish a statistical 
mean and confidence intervals for the cutting force 
coefficients between tool and workpiece 
combinations.

5. Experimental results

In this section experimental results are presented. 
The cutting force coefficients calculated with the 
nonlinear optimization method over a range of feed 
per tooth values are compared for the different 
material states. Figures 5 and 6 show the mean values 
for tangential and radial cutting force coefficients at 
the commanded feed per tooth values including 95% 
confidence intervals for the repeated tests. There does 
not appear to be an appreciable difference between the 
pair of as-produced workpieces.

Fig. 5. Tangential cutting force coefficient mean values and 95% 
confidence intervals for the pair of as-produced workpieces.

Next, repeatability tests were carried out for the pair 
of annealed workpieces. The tangential and radial 
cutting force coefficients are provided in Figures 7 and 
8, respectively. Once again, there is no significant 
difference between the tangential cutting force 
coefficients between the two workpieces. While the 

Cutting force dynamometer

AM workpiece

0.025      0.050       0.075      0.100      0.125
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4. Experimental setup

The cutting force coefficients were determined 
experimentally from a series of machining trials 
performed under stable, down-milling conditions. The 
axial and radial depths of cut were 3 mm and 1 mm, 
respectively. The spindle speed was held constant at 
4000 rpm and the feed per tooth was varied. The 
details of the cutting tests are provided in Table 2.

The tests were carried out on a Haas TM-1 CNC 
milling machine with a maximum spindle speed of 
4000 rpm. The workpieces were mounted on a three-
axis force dynamometer (Kistler 9257B). Cutting tests 
were performed using a 19.05 mm diameter indexable 
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end mill with a single cutting insert attached (i.e., a 
single tooth tool). This configuration eliminated 
potential runout effects. Additionally, a new PVD-
coated micro-grain carbide cutting insert (Sandvik 
Coromant 390R-070204E-MM S30T) was used for 
each test to mitigate the effects of tool wear. The 
machining setup for cutting force measurements is 
shown in Figure 4.

Table 2. Machining parameters used for cutting force 
measurements.

Feed per 
tooth [mm]

Spindle 
speed 
[rpm]

Milling 
direction

Axial depth 
of cut [mm]

Radial depth 
of cut [mm]

0.025-0.125 4000 Down 3 1

Fig. 4. Machining experimental setup.

Table 3. Cutting diameter measurement results.
Insert Diameter difference 

[μm]

1 0

2 152

3 51

4 25 

5 76

6 127

7 0

8 25

9 -25

10 102

Tool cutting diameter measurements were 
performed as each insert was replaced between tests. 
The results are displayed in Table 3, where the 
measurements were performed in the machine spindle 
using a Mitutoyo dial indicator and a Noga dial gage 
holder. It was concluded that this effect could be 
neglected in the subsequent force modeling.

The cutting force measurements were repeated two 
times for workpieces 1 and 2 and three times for 
workpieces 3 and 4 in order to establish a statistical 
mean and confidence intervals for the cutting force 
coefficients between tool and workpiece 
combinations.

5. Experimental results

In this section experimental results are presented. 
The cutting force coefficients calculated with the 
nonlinear optimization method over a range of feed 
per tooth values are compared for the different 
material states. Figures 5 and 6 show the mean values 
for tangential and radial cutting force coefficients at 
the commanded feed per tooth values including 95% 
confidence intervals for the repeated tests. There does 
not appear to be an appreciable difference between the 
pair of as-produced workpieces.

Fig. 5. Tangential cutting force coefficient mean values and 95% 
confidence intervals for the pair of as-produced workpieces.

Next, repeatability tests were carried out for the pair 
of annealed workpieces. The tangential and radial 
cutting force coefficients are provided in Figures 7 and 
8, respectively. Once again, there is no significant 
difference between the tangential cutting force 
coefficients between the two workpieces. While the 

Cutting force dynamometer

AM workpiece

0.025      0.050       0.075      0.100      0.125
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confidence intervals for the radial cutting force 
coefficients do not overlap in every instance, there is a 
minimal observable difference between the material 
regions of interest.

Fig. 6. Radial cutting force coefficient mean values and 95% 
confidence intervals for the pair of as-produced workpieces.

Fig. 7. Tangential cutting force coefficient mean values and 95% 
confidence intervals for the pair of annealed workpieces.

The results of the repeatability tests displayed in
Figures 4-8 for the as-produced and annealed 
workpieces were next grouped for direct comparison.
A total of six cutting force models for the material 
regions of interest are established. The results are 
presented in Figures 9 and 10. In nearly every instance, 
annealing increases the mean values in both the 
tangential and radial cutting force coefficients. The 

AM bulk material exhibits the most notable change in 
cutting force coefficients.

Fig. 8. Radial cutting force coefficient mean values and 95% 
confidence intervals for the pair of annealed workpieces.

Fig. 9. Comparison of the tangential cutting force coefficients for 
the as-produced and annealed workpieces. The error bars identify 

95% confidence intervals about the mean.

6. Power law fit

It is evident in Figures 9 and 10 that both the 
tangential and radial cutting force coefficients 
decrease with increasing feed per tooth (chip 
thickness). This results in a nonlinear relationship 
between the cutting force coefficients and feed per 
tooth [2]. This phenomena occurs when the chip 
thickness approaches the size of the cutting edge 
radius [3-4]. As the commanded feed per tooth 

0.025      0.050       0.075       0.100      0.125

0.025      0.050       0.075      0.100      0.125

0.025       0.050     0.075      0.100 0.125

0.025      0.050       0.075    0.100     0.125
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6. Power law fit

It is evident in Figures 9 and 10 that both the 
tangential and radial cutting force coefficients 
decrease with increasing feed per tooth (chip 
thickness). This results in a nonlinear relationship 
between the cutting force coefficients and feed per 
tooth [2]. This phenomena occurs when the chip 
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approaches the same order of magnitude as the cutting 
radius for the milling insert, the effective rake angle 
becomes negative. This negative rake angle serves to 
increase the cutting force coefficients.

Fig. 10. Comparison of the radial cutting force coefficients for the 
as-produced and annealed workpieces. The error bars identify 95% 

confidence intervals about the mean.

A cutting insert was sectioned using wire electrical 
discharge machining (WEDM) to expose the cutting 
radius. The sectioned insert was then placed in a 
scanning electron microscope (SEM) to obtain an 
approximate cutting edge radius of 24.7 μm. An SEM 
image is displayed in Figure 11.

Based on Figures 9-11, the cutting force model was 
modified to account for the edge radius effect. In this 
case, a power law fit can be applied [6]:

𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏ℎ1−𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡 (5)

𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟 = 𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏ℎ1−𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟 (6)

𝐹𝐹𝐹𝐹𝑎𝑎𝑎𝑎 = 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏ℎ1−𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎 (7)

where there is a power law relationship on the chip 
thickness through the p coefficients. The A and p
coefficients are identified by a nonlinear least squares 
fit to the feed-dependent cutting force coefficients 
obtained from the nonlinear least squares 
optimization. Equations 8-10 define the relationship 
between the original, feed dependent nonlinear 
optimization model cutting force coefficients and the 
new A and p coefficients:

𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡
−𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡 (8)

𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟 = 𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡
−𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟 (9)

𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎 = 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡
−𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎             (10)

where kt, kr, and ka, are the cutting force coefficients 
obtained from the nonlinear optimization model, At,
Ar, and, Aa are the new coefficients obtained from the 
power law fit and pt, pr, and pa are positive 
dimensionless constants with a value less than one.

Fig. 11. SEM image of the sectioned cutting insert (top) and 
magnified SEM image of the cutting edge radius (bottom).

To determine the uncertainty in the power law fit, a
Monte Carlo simulation was completed in which a 
random value was generated from normal distributions 
defined by the mean values and uncertainties from the 
cutting force coefficients. At each simulation iteration, 
the power law was fit to the sampled cutting force 
coefficients to determine the A and p fitting 
parameters. After 1×104 iterations, the mean and 
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Rake face

Flank face

Edge radius

49.4 μm
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standard deviation in the distribution of fit parameters 
was calculated. The results of this exercise are 
displayed in Tables 4 and 5, where the uncertainties 
correspond to the Monte Carlo simulation standard 
deviations.

Table 4. Power law coefficients generated from the Monte Carlo 
simulation for the as-produced workpieces.

As-produced 
material 
region

At
[N/mm3]

pt Ar
[N/mm3]

pr

AM surface 911.9 
±138.6

0.3734
±0.053

315.8
±42.2

0.6627
±0.046

AM bulk 964.4 
±68.1

0.3574
±0.021

284.9
±26.7

0.6872
±0.028

Wrought 925.8 
±94.4

0.3716
±0.036

451.0
±71.0

0.5819
±0.049

Table 5. Power law coefficients generated from the Monte Carlo 
simulation for the annealed workpieces.
Annealed 
material 
region

At

[N/mm3]
pt Ar

[N/mm3]
pr

AM surface 804.9 
±105.3

0.4297
±0.047

308.9
±40.6

0.6984
±0.045

AM bulk 1012.6 
±102.2

0.3773
±0.038

407.8
±79.6

0.6277
±0.062

Wrought 1039.3
±161.3

0.3562
±0.051

519.8
±132.8

0.5520
±0.077

Fig. 12. Mean values and standard deviations of the coefficient A
for as-produced and annealed states grouped by regions of interest.

The power law fit consolidates the feed-
dependent specific cutting force coefficients to a pair 
of fit parameters for each material region. 
Furthermore, by using the fit parameters and Eqs. 8-
10, the cutting force coefficient can be estimated based 
on the selection of the commanded feed per tooth. A 
graphical representation of the information in Tables 
4-5 is displayed in Figures 12 and 13.

Fig. 13. Mean values and standard deviations of the coefficient p
for as-produced and annealed states grouped by regions of interest.

7. Conclusions

The purpose of this project was to investigate the 
cutting forces generated during the machining of 
additively manufactured metals. Two conditions were 
considered: as-produced and annealed. In both 
material conditions, there were various material states 
of interest and, in each case, an instantaneous force 
nonlinear optimization method was used determine the 
cutting force coefficients. 

The results showed only minor differences in the 
coefficients between the various material states. The 
most significant effect was annealing which increased 
the mean cutting force coefficients in nearly all 
instances. 

A nonlinear trend of decreasing cutting force 
coefficients as a function of increasing feed per tooth 
was identified. Therefore, a power law fit was applied 
which incorporated the effect of the change in rake 
angle at low feed per tooth values. New power law fit 
coefficients were calculated which, again, did not 
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exhibit significant difference between the various 
material states.

To continue this research effort, a tool wear study 
will be carried out to investigate the possible changes 
in tool life when machining the different material 
regions of interest. Additionally, surface profile 
measurements will be completed to establish the 
change in surface finish as the tool wear progresses. 
Finally, AM samples will be polished and etched to 
investigate the possible change in grain structure due 
to the annealing process.
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standard deviation in the distribution of fit parameters 
was calculated. The results of this exercise are 
displayed in Tables 4 and 5, where the uncertainties 
correspond to the Monte Carlo simulation standard 
deviations.
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The purpose of this project was to investigate the 
cutting forces generated during the machining of 
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material conditions, there were various material states 
of interest and, in each case, an instantaneous force 
nonlinear optimization method was used determine the 
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The results showed only minor differences in the 
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most significant effect was annealing which increased 
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exhibit significant difference between the various 
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change in surface finish as the tool wear progresses. 
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