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Abstract 

Flow stress models in FE-analysis of metal cutting 

require material parameters that are essential con-

sidering the accuracy of the simulations. This paper 

presents a method to acquire material parameters 

from cutting experiments using the extended Ox-

ley’s shear zone theory. The novelty in this ap-

proach is to use measured chip geometry and tem-

perature instead of determining them analytically 

to calculate strain and strain rate. These values are 

used to calculate the resultant cutting forces with 

the extended Oxley’s model and Johnson-Cook flow 

stress model. Flow stress model parameters are 

optimized to fit the calculated forces to those 

measured from cutting experiments. The Johnson-

Cook parameters acquired with this method per-

form better than those found in the literature. 

Keywords 

Flow Stress, Inverse Analysis, Cutting Experiments, 
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Introduction 

Finite element analysis of metal cutting has been 

established as a research and development method 

in the field of machining research.1 The accuracy of 

the simulations is dependent on the material model 

used.2 In its simplest form, a model approximates 

the relationship between stress and strain, such as 

Hooke’s law. The power law equation between 

stress and strain was used by Oxley in his widely 

referred machining theory.3 More sophisticated 

material models include the influence of strain rate 

and temperature on the stress-strain relationship. 

One such model is the common Johnson-Cook 

model.4 In addition, damage models add the effect 

of mechanical and thermal damage to the model 

which is required for example to simulate serrated 

chip.5,6 By including elasticity to the simulations, 

residual stresses can be calculated.7 Also more spe-

cific behavior like yield delay can be taken into ac-

count.8 

One general outcome in the research papers is that 

the modelling of the stress strain behaviour itself is 

not the problem but rather the determination of 

the material parameters for each model.9 Determi-

nation of the material parameters for a model is 

difficult because testing conditions do not match 

the real cutting conditions. For example, during a 

compression test, the material is under a much 

slower strain rate and a lower temperature than 

during machining. The contact conditions in cutting 

are more or less unique, so by acquiring the materi-

al parameters by means of materials testing much 

of the relevant data is left out. To avoid the above 

mentioned difficulties, few improvements in testing 

have been made. To gain flow stress at a high de-

formation rate, Split Hopkinson’s Pressure Bar 

(SHPB) testing is used.10 Nevertheless, the strain 

rate and in some cases the temperature is too low 

compared to cutting conditions. Strain rate values 

as high as 20,000 s-1 can be achieved by SHPB test-

ing, whereas cutting involves strain rates up to 106 

s-1. By using a preheated test specimen, SHPB test-

ing can be done in temperatures as high as 900 °C 

which is high enough for most materials. The most 

common approach is to compile the material pa-

rameters from data gathered from materials testing 

and orthogonal cutting tests.11 Apart from the cut-

ting forces, different phenomena occurring during 

cutting are difficult to measure because of high 

speeds and loads. For that, to determine the real 

stress-strain relationship of a material based only 
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on direct measurement is complicated. Even though 

it is difficult to measure flow stress or hardening 

effects from cutting tests, they are the most reliable 

source of acquiring material parameters. Therefore 

inverse analysis with simulations or analytical mod-

els is often used. Inverse analysis with simulations 

means running the simulations and using a full fac-

torial analysis on each parameter or optimizing the 

results parameter by parameter deductively.12,13 

Inverse analysis with analytical model means calcu-

lating theoretical values of strain, strain rate and 

flow stress from measurable factors like cutting 

forces, chip thickness and shear angle to obtain 

parameters for material models by fitting the model 

curve to the measured values.14 The most used ana-

lytical model is the parallel sided shear zone model, 

often referred to as Oxley’s model, which has been 

developed in parts by Piispanen, Merchant and 

Oxley among others.15,16,3 

Parallel Sided Shear Zone Theory 

The orthogonal cutting model proposed by Oxley is 

based on a model where deformation of the mate-

rial takes place in a parallel sided zone that follows 

the shear angle. The geometrical definition of the 

model is presented in Figure 1, and equations 1-8 

present the relevant model details.3 Boothroyd et 

al. have developed a temperature prediction model 

presented in equations 9-12.17 Lalwani et al. pro-

posed an extension that enables Oxley’s model to 

be used with other than the Power Law material 

model.18 The strain hardening exponent 𝑛 and 

strain-rate constant 𝐶0 require modifications, which 

are presented in equations 13-14  for the Johnson-

Cook model.  

 

Figure 1 Parallel Sided Shear Zone Model 

 

Resultant 
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Shear Zone Tem-

perature17 
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Different measures of strain and strain rate 

In this paper, three measures of strain are investi-

gated, which are proposed by Oxley, Merchant and 

Astakhov. Strain proposed by Oxley is presented in 

equation 6. Merchant’s strain in equation 15 and 

Astakhov’s strain in 16.21 All strains can be ex-

pressed in terms of shear angle and rake angle, or 

rake angle and chip compression ratio. One note-

worthy observation is that Oxley’s strain is exactly 

the same as Merchant’s strain, but it is divided by 

2√3, and there is a geometrical explanation for this 

in equation 17. Oxley’s strain is divided by two be-

cause it is assumed that half of the deformation has 

taken place when material reaches the AB-line and 

√3 comes from Von Mises’ equivalent strain defini-

tion. Strains are plotted in Figure 2 with a rake angle 

range of ±20°. Oxley’s and Astakhov’s strains are 

closer to each other since they represent an equiva-

lent strain in a major shear zone, whereas Mer-

chant’s strain is a presentation of the total strain in 

a chip formation zone. Astakhov argues that Mer-

chant’s presentation of strain is invalid because 

when the chip compression ratio (CCR) is 1, there is 

no geometrical deformation, so the strain should be 

zero at this point, which is not the case with Mer-

chant’s model.21 Figure 3 shows the strain plotted 

against CCR, which shows Astakhov's argument 

about a non-zero strain at a CCR value of 1. Mer-

chant’s definition of strain and strain rate is evalu-

ated in Davim & Maranhão using simulations.22 FEM 

results support Merchant’s model, but the paper 

unfortunately does not provide simulated tempera-

tures or cutting forces to evaluate the accuracy of 

the simulations. For extended Oxley’s model to 

produce results that are aligned with the theory, 

the original Oxley’s definition of strain should be 

used. Otherwise the flow stress is overestimated by 

a magnitude of 100-200%.  

Merchant’s Strain 𝜀 = cot(𝜙) + tan(𝜙 − 𝛼) 15 

Astakhov’s Strain 𝜀 = 1,15 ln 𝜁 16 

Geometrical 

Explanation 
𝜁 =

cos 𝛼

tan𝜙
+ sin 𝛼 =

cos(𝜙 − 𝛼)

sin𝜙
 17 

 

Figure 2 Different Strains Plotted Against Shear Angle 
with Rake Angles of ±20° 

 

 

Figure 3 Different Strains Plotted Against CCR with Rake 
Angles of ±20° 

Flow Stress Models 

Flow stress is normally presented as a function of 

strain, strain rate and temperature, though the 

form of the function varies. The Johnson Cook 

model, (equation 18) is formulated for materials 

under high strain rate and is one of the most used 

models in the field of metal cutting.4 The most 
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common flow stress models used in cutting simula-

tions are presented in Appendix 1 Equations 19-24. 

Zerilli & Armstrongs model (equation 23) is special 

since it has different equations for BCC and FCC 

materials.23 Another unusual model is Maekawa’s 

model because of strain path dependency.24 

Research Objectives 

In order to take advantage of cutting simulations in 

academia or industry, material modelling must be 

efficient time and cost vice. This research paper 

investigates a robust method of acquiring material 

model parameters directly from cutting experi-

ments. If this method performs as expected, the 

material parameter acquisition will be more effi-

cient than with high speed compression tests. The 

results show if analytical models are viable option 

to be used in an inverse analysis routine and if fur-

ther development of the method is advisable. The 

results are evaluated in the framework of previous 

studies on the same material. 

Challenges in Experimental Setup 

Forces, chip thicknesses and cutting parameters are 

easy to obtain reliably from cutting experiments, 

but temperatures, actual strain and strain rate are 

difficult to measure. Approaches with thermal cou-

ple, thermal sensors and pyrometers or IR-imaging 

have been tried with a variety of results.25,26,27,28,29 A 

thermal couple measures the largest temperature 

difference between a tool and a work piece; ther-

mal sensors and pyrometers can be set to measure 

the surface temperatures of a newly machined layer 

or a tool. Thermal imaging can measure anything in 

theory, but practicalities like imaging frame rate or 

different emissivity of surfaces cause challenges. 

Strain and strain rate can be measured using analyt-

ical models, quick stop experiments with metallog-

raphy, or digital image correlation during machin-

ing.30 Analytical models are only accurate in an or-

thogonal cutting setup and only for some materials 

and cutting parameters. Quick stop experiments 

provide reliable results but are slow and expensive 

to conduct and the quick stop device or setup is 

never infinitely fast so the obtained sample doesn’t 

fully represent the actual cutting condition. Digital 

image correlation is a promising method, but frame 

rate and optics resolution need to be improved to 

measure strain and strain rate in real cutting speeds 

(>100m/min).30 

Experimental Inverse Analysis Routine 

In this paper, an inverse analysis routine is formu-

lated to acquire Johnson-Cook parameters from 

cutting experiments. This approach is different from 

that presented by Sartkulvanich et al.14 since in 

their OXCUT model inputs are cutting conditions 

and material properties but no experimentally de-

termined strain, strain rate and temperature values. 

The novelty in this approach is to use experimental 

values for chip thickness and temperature to avoid 

error caused by the analytical model. Chip geome-

try and temperature are measured from cutting 

experiments. Chip thickness is measured and CCR is 

calculated with equation 4. Rake angle together 

with CCR the gives shear zone angle with equation 

3. Next, the strain and strain rate are calculated 

from chip geometry using definitions from the Par-

allel Sided Shear Zone Theory. Then, using these 

values of the strain, strain rate and temperature 

instead of those determined from the analytical 

model, the extended Oxley’s model is used to calcu-

late cutting forces. These cutting force values are 

compared to the experimental values of AISI 1045 

that can be found in the literature. Using the ob-

tained data set, a flow stress model (Johnson-Cook) 

is calibrated by optimizing the parameters of the 

model to fit it to the obtained flow stress – strain – 

strain rate - temperature data set. The results are 

compared to other Johnson-Cook parameter sets 

found from the literature. 

Materials and methods 

The inverse analysis routine is based on extended 

Oxley’s model with Johnson-Cook flow stress mod-

el. Flowchart of the whole routine is presented in 

Figure 4. The resultant cutting force is calculated 

with equation 1. For this, flow stress and chip ge-

ometry are needed. Flow stress is calculated from 

the flow stress model, which needs strain, strain 

rate and temperature as input parameters. The 

strain and strain rate are calculated from the chip 

geometry with Oxley’s model equations 7 and 8. 

Input parameters for the model are cutting speed, 

feed, width and rake angle. Also, experimentally 
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obtained values of chip thickness, shear zone angle 

and temperature are used as input parameters. The 

predicted resultant forces are evaluated against 

experimentally obtained values, and flow stress 

model parameters are adjusted for a better fit until 

the optimal solution. The optimization routine min-

imized the error of the normalized resultant cutting 

forces with the least squares method. Experiment 

data and parameters are presented in Table 1. The 

resultant force is calculated as the root of the sums 

of squares of each force component. Experimental 

data for the cutting of AISI 1045 is acquired from 

literature sources: A1 to A8 from Ivester et al. and 

B1 to B4 from Iqbal et al.31,32,33,34 Ivester et al. used 

orthogonal turning for their tests. The tool used was 

a Kennametal K68, an uncoated general purpose 

tungsten carbide insert with rake angles of +5 

and -7 degrees.  Cutting forces were measured with 

a Kistler 9257B 3-component piezoelectric dyna-

mometer and 9403 mount. Cutting temperatures 

were measured with an intrinsic thermocouple and 

selected experiments with IR-microscopy. The ex-

periments were conducted twice for each cutting 

parameter set in four different laboratories to en-

sure repeatability. Resultant forces from Ivester et 

al. are average of all the experiments except clearly 

anomalous results were discarded from the aver-

age. Iqbal et al. conducted similar experiments with 

a lathe and a Kistler 9263A dynamometer using 

uncoated Sandvik TCMW 16T304 grade 5015 in-

serts. The paper does not report how many repeti-

tions were conducted so it is assumed that no repe-

titions have been done. Experimental data by Ivest-

er has been used as well in Lalwani et al.18 and Ding 

& Shin35, but the temperature values used in these 

papers are for some reason twice as high as those in 

Ivester’s papers. The original values presented by 

Ivester are used in this paper. This decision is en-

couraged by the temperature results in Davies et al. 

and their thermal imaging experiments, where the 

results are similar to those in Ivester et al.26 Tem-

peratures for experiments B1 to B4 are determined 

from the simulations of Ding & Shin and considering 

Ivester’s results because Ibqal et al. did not present 

any temperature measurements for their experi-

ments.  

 

Figure 4 Inverse Analysis Routine Flowchart 

Table 1 Experimental Data and Parameters 

Nr. 
v 

(m/min) 
f 

(mm/r) 
α 

w 
(mm) 

Rexp 
(N) 

TAB 

(C°) 

A1 200 0,15 5 1,6 2900 561 

A2 300 0,15 5 1,6 2564 618 

A3 200 0,15 -7 1,6 3285 544 

A4 300 0,15 -7 1,6 3234 653 

A5 200 0,3 5 1,6 2222 600 

A6 300 0,3 5 1,6 1954 653 

A7 200 0,3 -7 1,6 2590 586 

A8 300 0,3 -7 1,6 2531 535 

B1 198 0,1 0 2,5 2812 564 

B2 399 0,1 0 2,5 2538 613 

B3 628 0,1 0 2,5 2314 620 

B4 879 0,1 0 2,5 2339 628 

Johnson-Cook Model Parameters for AISI 1045 

The Johnson-Cook model includes strain hardening 

parameters 𝐴, 𝐵, 𝑛 and rate hardening parameter 𝐶 

and thermal softening parameter 𝑚. The Johnson-

Cook parameter sets acquired from inverse analysis 

and the literature are presented in Table 2. The 

errors in Table 2 are calculated as average, mini-

mum and maximum of the percentile errors for 
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each individual cutting condition between average 

resultant forces acquired from experiments and 

analytical method. The experimental values used 

are average of each parameters set.  Sets 1-3 are 

from inverse analysis. Set 1 was optimized by vary-

ing only 𝐶 and 𝑚, set 2 was optimized by varying all 

parameters with the reference strain rate at 7500 s-

1 and set 3 was similarly optimized with the refer-

ence strain rate at 0,001 s-1. Parameter A is bound-

ed between 290-660 MPa because A represents 

yield stress in the model. Other variables are 

bounded between [0;10] except B, which is be-

tween [0;1000]. Set 4 is from Lalwani et al.18 and set 

5 is from Buchkremer et al12. Lalwani et al. used the 

Johnson Cook parameters found in Jaspers et al.36 

and the experimental results of Ivester. Jaspers 

et al. used SHPB experiments to determine their 

values. Lalwani et al. did not perform any inverse 

analysis in their work. Buchkremer et al. used the 

Johnson Cook parameters A, B and n from 

Abouridouane et al.37  and for C and m they 

performed a full factorial analysis, basically running 

simulations of all combinations of the factors. The 

cutting experiments were done at RWTH Aachen 

University with a Broaching Machine, a Kister 

dynamometer and a 2-color pyrometer. The cutting 

experiment data set is with feed 0,1-0,4 and 50 and 

100 m/min for cutting speed. 

Table 2 Johnson-Cook Parameters from Different 
Sources and Accompanying Errors 

nr. 1 2 3 4 5 

A 550 391 290 553 546 

B 600 217 283 601 487 

n 0,234 0,340 0,249 0,234 0,250 

C 0,025 0,003 0,004 0,013 0,027 

m 0,741 3,283 3,365 1,000 0,631 

Tmelt 1460 1460 1460 1460 1460 

Tref 20 20 20 20 20 

(dε/dt)ref 7500 7500 0,001 7500 0,001 

avg. 5,3 % 5,0 % 5,0 % 20,4 % 13,4 % 

max. 12,6 % 9,9 % 9,9 % 34,9 % 28,4 % 

min. 0,0 % 1,1 % 1,1 % 7,5 % 0,8 % 

ΣE^2 0,06 0,04 0,04 0,57 0,29 

Results and Discussion 

By using the proposed method, an average error of 

less than 6 % is achieved, whereas parameters ob-

tained from the literature produce an average error 

of 20 % and 13 %. All parameters are relatively of 

the same magnitude with the greatest variation in 

the values of 𝐶 and 𝑚. Figure 5 presents the nor-

malized resultant forces from experiments and pre-

dicted values using all four different flow stress 

parameter sets. Sets 1-3 follow experimental results 

well. Sets 2 and 3 estimate the effect of rate sensi-

tivity lower and thermal softening higher than Sets 

1, 4 and 5. A noteworthy point is that the data is 

from multiple sources and from a wide cutting pa-

rameter scope, (a cutting speed from 200-

870 m/min for example) but despite that, the mod-

el follows the data well. One point to consider is the 

uniqueness of the solutions since parameter sets 1 

to 3 produce results that are very close to each oth-

er, but the parameters are clearly different. It could 

be that cutting has too fuzzy mechanistic properties 

for cutting experiments to clearly differentiate 

hardening mechanisms from each other. For exam-

ple, an increase in cutting speed leads to an in-

crease in strain rate and temperature, and the 

cause of the proportional increase in the resultant 

force in this case cannot be determined unambigu-

ously. This was also implied by a graph analysis of 

metal cutting parameters in Laakso et al.38 A linear 
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relation between strain, strain rate or temperature 

and machining parameters cannot be formed. 

Therefore the role of compression experiments or 

SHPB experiments could be irreplaceable, because 

in these experiments, one variable can be changed 

while other variables are controlled. 

 

Figure 5 Comparison of Experimental Resultant Forces 
with Modelled Resultant Forces 

Conclusions 

In this paper, an inverse analysis of flow stress 

model parameters was conducted to optimize the 

model performance. The following important points 

were observed: 

1. The method produces better performing 

flow stress model parameter values for an 

analytical model than those found in the lit-

erature. 

𝜎𝑓𝑙𝑜𝑤 = (550 + 600𝜀0,234) [1 +
1

40
ln (

𝜀̇

7500
)] 

∙ [1 − (
𝑇 − 20

1460 − 20
)
0,741

] 

2. A clear relationship between flow stress 

model variables and cutting parameters is 

difficult to form; therefore a wide range of 

cutting parameters should be used.  

3. There are many local optimal solutions for 

flow stress model parameters. Therefore it 

is advisable to use compression test values 

for setting the reference frame for the 

model parameters. 

4. The method is promising and further study 

is required to identify more delicate mate-

rial behavior related to thermal effects.
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Appendix 1: Flow Stress Models 

Johnson-Cook4 𝜎 = (𝐴 + 𝐵𝜀𝑛) [1 + 𝐶 ln (
𝜀̇

𝜀�̇�𝑒𝑓
)] [1 − (

𝑇 − 𝑇𝑟𝑒𝑓

𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑟𝑒𝑓
)

𝑚

] 18 

Power Law3 𝜎 = 𝐶𝜀𝑛𝜀̇𝑚 19 

Macgregor/Oxley3 

𝜎 = 𝐶𝜀𝑛(𝑇𝑚𝑜𝑑)𝑇𝑚𝑜𝑑  

𝑇𝑚𝑜𝑑 = 𝑇 (1 − 𝜈 ln
𝜀̇

𝜀�̇�𝑒𝑓
) 

20 

Extended Power 

Law (Marusich)7 

𝜎 = 𝜎𝑦𝑖𝑒𝑙𝑑𝑔(𝜀)Γ(𝜀̇)Θ(𝑇) 

𝑔(𝜀) = (1 +
𝜀

𝜀𝑟𝑒𝑓
)

1
𝑛

 

Γ(𝜀̇) =

{
 
 

 
 

(1 +
𝜀̇

𝜀�̇�𝑒𝑓
)

1
𝑚1

 𝑤ℎ𝑒𝑛 𝜀̇ ≤ 𝜀�̇�

(1 +
𝜀̇

𝜀�̇�𝑒𝑓
)

1
𝑚1

(1 +
𝜀�̇�
𝜀�̇�𝑒𝑓

)

1
𝑚1

−
1
𝑚2

 𝑤ℎ𝑒𝑛 𝜀̇ > 𝜀�̇�

 

Θ(𝑇) =

{
 
 

 
 

∑𝑐𝑖𝑇
𝑖

𝑘

𝑖=0

 𝑤ℎ𝑒𝑛 𝑇 < 𝑇𝑐𝑢𝑡

(∑𝑐𝑖𝑇𝑐𝑢𝑡
𝑖

𝑘

𝑖=0

) [1 −
𝑇 − 𝑇𝑐𝑢𝑡

𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑐𝑢𝑡
]  𝑤ℎ𝑒𝑛 𝑇 ≥ 𝑇𝑐𝑢𝑡

 

21 

Childs Yield Delay8 𝜎 = 𝜎𝑢, 𝑤ℎ𝑒𝑛 𝜀 ≤ 𝜀𝑢 22 

Zerilli & Arm-

strong23 

𝜎 = 𝐶0+𝐶1𝑒𝑥𝑝(−𝐶3𝑇 + 𝐶4𝑇 ln 𝜀̇) + 𝐶5𝜀
𝑛  for BCC materials 

𝜎 = 𝐶0+𝐶2𝜀
0.5𝑒𝑥𝑝(−𝐶3𝑇 + 𝐶4𝑇 ln 𝜀̇)  for FCC materials 

23 

Maekawa24 𝜎 = 𝐴 (
𝜀̇

1000
)
𝑀

𝜀𝑎𝑇 (
𝜀̇

1000
)
𝑚

[∫ (𝑒
−𝑎𝑇
𝑁 ) (

𝜀̇

1000
)

−𝑚
𝑁
𝑑𝜀

 

𝑠𝑡𝑟𝑎𝑖𝑛 𝑝𝑎𝑡ℎ

]

𝑁

 24 



1 
 

Appendix 2: Symbol List 

Resultant Force 𝑅 

Cutting Force 𝐹𝐶  

Tangential Force 𝐹𝑇 

Specific Cutting Force 𝑘𝐴𝐵  

Uncut Chip Thickness 𝑡1 

Width of Cut 𝑤 

Shear Zone Angle 𝜙 

Angle Between Resultant Force and Shear Zone 𝜃 

Yield Stress 𝜎𝑦𝑖𝑒𝑙𝑑  

Flow Stress 𝜎𝑓𝑙𝑜𝑤  

Strain 𝜀 

Strain Rate 𝜀̇ 

Temperature 𝑇 

Temperature in Shear Zone 𝑇𝐴𝐵 

Rake Angle 𝛼 

Chip Compression Ratio 𝜁 

Chip Thickness 𝑡2 

Shear Strain in Shear Zone 𝛾𝐴𝐵 

Tool-Chip Interface Strain Rate 𝜀�̇�𝑛𝑡 

Cutting Speed 𝑈 

Shear Zone Thickness Δ𝑠2 

Cutting Speed in Shear Direction 𝑉𝑠 

Strain Rate in Shear Zone 𝜀�̇�𝐵 

Strain Rate Constant 𝐶0 

Cutting Temperature 𝑇 

Workpiece Temperature 𝑇𝑊 

Increase of Temperature in Shear Zone 𝛥𝑇𝑆𝑍 

Heat Partition Coefficient 𝛽 

Density 𝜌 

Specific Heat 𝑆 

Boothroyd’s Thermal Model Parameter 1 𝑎% 

Boothroyd’s Thermal Model Parameter 2 𝑏% 

Thermal Number 𝑅𝑇 

Thermal Conductivity 𝐾 

Strain Hardening Exponent 𝑛𝑒𝑞  

Stress in Shear Zone 𝜎𝐴𝐵 

J-C Yield Equivalent 𝐴 

J-C Strain Hardening Multiplier 𝐵 

J-C Strain Hardening Exponent 𝑛 

 


