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Abstract

This paper presents an improved inverse identification method for Johnson-Cook model constants (J-C constants) using force and
temperature data. Nowadays, J-C constants are identified by either experimental approaches with the complex and costly system,
numerical approaches with high computational cost, or analytical approaches with available material properties. The previous
model is developed based on a modified chip formation model and an exhaustive search method using temperature and force
measurements. The current model is improved by replacing the exhaustive search method with an iterative gradient search
method based on the Kalman filter algorithm. The modified chip formation model is used to predict machining forces. The
iterative gradient search method is used to determine the J-C constants when the difference between predicted forces and
experimental forces reached an acceptable low value. AISI 1045 steel and Al6082-T6 aluminum are chosen to test the proposed
methodology. The determined J-C constants are validated by comparing to the documented values in the literature, which were
obtained from Split-Hopkinson Pressure Bar tests and validated in published works. Good agreements are observed between
identified J-C constants and documented values with an improved computational efficiency. The cutting temperatures are used as
inputs in the modified chip formation model. Therefore, the workpiece material properties are not required to predict temperatures
and forces, and thus are not required for determining J-C constants. Considering the modified chip formation model using
temperatures as inputs, and the effective iterative gradient search method, this method has advantages of less mathematical
complexity and high computational efficiency.

Keywords Inverse identification - Johnson-Cook model constants - Modified chip formation model - Iterative gradient search -
Kalman filter

1 Introduction constitutive models widely used in analytical modeling of
force, temperature, and residual stress because it is effective,
Constitutive relation describes materials behavior under dif-  simple, and easy-to-use [4].
ferent loading conditions. It is needed in the modeling of In the past, researchers have developed different ap-
force, temperature, and residual stress in the machining pro-  proaches to identify the J-C model constants (J-C constants)
cess [1-3]. Johnson-Cook model (J-C model) is one of the  for various materials. The developed approaches can be
broadly classified into experimental approach, numerical ap-
proach, and analytical approach. The experimental ap-
proaches used quasi-static tests at different temperatures and
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jingiangning @gatech.eduand dynamic tests at different strain rates to identify J-C constants
[5-8]. Split-Hopkinson pressure bar (SHPB) test is a typical
Steven Y. Liang experimental approach for identifying material constitutive

steven.liang @me. gatech.edu model parameters [9]. The numerical approaches used finite
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USA stress from the simulation were often compared to
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experimental measurements to identify J-C constants [10—12].
Analytical approaches were also developed to identify J-C
constants. Tounsi et al. developed an analytical approach
based on strain, stress, and temperature in the orthogonal ma-
chining with a least-square approximation technique to iden-
tify J-C constants [13]. Quick stop cutting tests and micro-
structure analyses were needed to measure those physical
quantities for the identification. Multiple cutting tests were
needed for each identification of J-C constants. Ozel and
Karpat developed another analytical approach to identify J-C
constants using particle swarm optimization (PSO) and exper-
imental measurements of strain, stress, and temperature from
SHPB compression tests [14]. Naik P. and Naik A. developed
an approach based on chip formation model and exhaustive
search method to inversely identify the J-C constants using
cutting condition parameters and material properties of the
workpiece [15]. Denkena et al. developed another inverse
identification methodology based on PSO and chip formation
model using the cutting condition parameters and material
properties of the workpiece [16]. Ning and Liang developed
an analytical model based on a modified chip formation model
to identify J-C constants with force and temperature measure-
ments [17]. Ning et al. developed another analytical model
based on chip formation model and an iterative gradient
search method to identify J-C constants with improved com-
putational efficiency [18]. The former model requires force
and temperature measurements as inputs; the latter requires
force measurements and material properties as inputs.
Although the aforementioned approaches have made con-
siderable progress in identifying J-C constants, the identifica-
tion of J-C constants remained difficult and challenging due to
the high experimental complexity, high mathematical com-
plexity, and low computational efficiency. The experimental
approaches require complex and costly system such as SHPB
tests. The numerical approaches have high computational cost
and a large number of input parameters such as experimental
measurements and material properties, which must be obtain-
ed from extensive experimental works and material property
tests. The approaches developed by Tounsi, Naik, and
Denkena need material properties of the workpiece to identify
the J-C constants. Ozel’s approach needs experimental mea-
surements from complex and costly SHPB tests. Naik’s ap-
proach and Ning’s former approach use exhaustive search
method to identify J-C constants, which prevents an optimized
computational efficiency. Ning’s latter approach employs an
iterative gradient search method to further improve computa-
tion efficiency but needs material properties of the workpiece.
In this paper, the authors present an analytical approach
based on a modified chip formation model and an iterative
gradient search method using Kalman filter algorithm to in-
versely identify the J-C constants. Machining forces are pre-
dicted with the modified chip formation model using cutting
condition, cutting temperatures, and a set of initial J-C
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constants as inputs. Material properties are not needed in the
prediction. The iterative gradient search method is employed
to determine the J-C constants when the difference between
the predicted forces and experimental forces reaches an ac-
ceptable low value. The use of temperature measurements as
inputs in the modified chip formation model reduces mathe-
matical complexity and thus improves the computational effi-
ciency. The use of iterative gradient search method also im-
proves the computational efficiency. AISI 1045 steel and AL
6082-T6 aluminum are chosen to test the proposed approach.
The identified J-C constants for each material are validated
with the documented values obtained from SHPB experiments
[19, 20].

2 Material and methodology
2.1 Johnson-Cook flow stress model

J-C model is a semi-empirical constitutive model that predicts
material flow stress at high strains, high strain rates, and high
temperatures. The J-C model is expressed as

o= (A+Bs"){l +Cln(§o)] [1—(52)} (1)

where A, B, ¢, n, and m are the five model constants. A is the
yield stress, B is the strength coefficient, C is the strain rate
coefficient, 7 is the strain hardening coefficient, and m is the
thermal softening coefficient. Other terms are explained in the

Plastic Zones

Workpiece

Fig. 1 Chip formation model in orthogonal cutting [25]
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following. o is the material flow stress, ¢ is the plastic strain, 5
is the plastic strain rate, £¢ is the reference plastic strain rate, 7'
is the temperature of the workpiece material, 7, is the refer-
ence temperature, and 7, is the material melting temperature.
J-C model is widely used in predicting material behavior and
failure under various strain and temperature conditions [21],
and also in analytical modeling of force, temperature, and
residual stress in machining process because it is effective,
simple, and easy-to-use [22, 23].

2.2 Modified chip formation model

A chip formation model, as originally proposed by Oxley
[24], has been widely referenced for the prediction of machin-
ing force, temperature distribution, and residual stress with the
material properties of the workpiece, and cutting condition
parameters including cutting speed, depth of cut, and width
of cut in orthogonal machining. This paper employed a mod-
ified chip formation model using temperature measurements
rather than temperature predictions based on material

Fig. 2 The algorithm of the
modified chip formation model
for the prediction of machining
force

properties and cutting condition to predict machining forces
because the properties of workpiece were commonly required
to predict the temperature, but they were often unknown. The
modified chip formation model did not require the material
properties (thermal properties, mechanical properties, and
physical properties) of the workpiece to predict machining
forces, which reduced the workload of finding the material
properties, reduced the mathematical complexity of the mod-
el, and resulted in an improved computational efficiency. The
measurements of average temperatures at the primary shear
zone (PSZ) and at the tool-chip interface (secondary shear
zone or SSZ) have been reported in the literature with infrared
(IR) camera system and intrinsic thermocouple technique re-
spectively. The techniques of temperature measurements will
be discussed in detail in Section 2.4. The average temperature
at PSZ and the average temperature at SSZ were estimated
based on the assumptions used in the modified chip formation
model. The assumptions were (1) a perfectly sharp cutting tool
under plain strain and steady-state condition, (2) straight-line
shape of PSZ near the center of the shear plane field, and (3)
uniform strain and uniform temperature in the PSZ and the
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SSZ. The chip formation model in orthogonal cutting config-
uration is illustrated as in Fig. 1, where « is the rake angle, ¢ is
the shear angle, A is the average friction angle at the tool-chip
interface, and 6 is the angle between resultant cutting force R
and primary shear zone AB. #¢, are the depth of cut and the
chip thickness respectively. V, V, V. are the cutting velocity,
shear velocity, and chip velocity respectively. w is the width of
cut that is not shown.

As shown in Fig. 2, the cutting condition parameters in-
cluding cutting speed, width of cut, depth of cut, tool face rake
angle, and process variables including the average tempera-
ture at PSZ and the average temperature at SSZ are given as
inputs. The F. and F, are computed with a determined shear
angle (¢), and two strain rate constants (9, Cp). As shown in
Fig. 3, ¢ is the ratio of the thickness of SSZ to chip thickness
(As /1) and Cj is the ratio of shear plane length to the thick-
ness of the PSZ (I/As).

The shear flow stress on shear plane AB (k,5) with von
Mises criterion is expressed as

kap =

1 €Aé TAB_TV "
— (A + B€” 1 In—==)|1- 2
V3 ( * EAB) ( ¢ €0 > { ( Tm_Tr> :| @)

where strain (€4) and strain rate (€45 ) on the shear plane AB
with von Mises yield criterion are

COosx

Jag _
V3 24/3singcos(p—a)

3)

€AB =

Workpiece D

Fig. 3 Parallel-sided shear zone model [24]
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: YaB Vs
€ap=—===0LCo (4)
V3 V3iap
The shear force (F) is calculated as
Fy = kaplapw (5)

The resultant force (R), the shear force (F), and the normal
force (N) at the tool-chip interface, and the cutting force (F,.)
and the thrust force (F)) are calculated as

F
k= cosf (6)
F = Rsin\ (7)
N = RcosA (8)
F. = Rcos(\—«) 9)
F, = Rsin(\—«) (10)

The shear stress (7;,,) and normal stress (o) in the SSZ
using chip formation model are calculated as

F
int — 5 11
Tint Tow ( )
N
= — 12
N hw (12)

The shear stress (kcnip) and the normal stress (U;v ) in the
SSZ are also calculated using J-C model as

1 in Tii—T,\"
kehip = N (A+Bel,) (1 + cm%) {1—<T‘m_T ) }
(13)

where strain (g;,,) and strain rate (;,; ) on the tool-chip inter-
face with von Mises yield criterion are

’Yint h
Eehip = M = Deup b — 14
AT T B (14)
: ’yir;t Ve
T3 V3o (15)
oy = kAB(l + g—2a—2Coneq) (16)

Other variables including contact length on the tool-chip
interface (), length of primary shear the zone (/4 ), chip thick-
ness (t,), angles (6, A), and velocities (V, Venip) are calculated
by the equations listed in the Appendix.

2.3 Iterative gradient search method

Kalman filter [26] is a computational gradient search method
that has been used in many applications of root finding and
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inverse analysis. The algorithm is employed here with the
modified chip formation model to identify J-C constants.
This method only needs experimental measurements from
one orthogonal cutting to identify J-C constants. The
Kalman filter is given in a general form as

X =x-1 + K, (dexp_drl) (17)
where x,= (A, B, C, m, n, T,,)" and A, B, C, m, n are the J-C
constants, and 7, is the melting temperature of workpiece
material. The initial values of x are xo = (A By Co mo 1o Tipo)"-

Fig. 4 The algorithm of an
iterative gradient search method
based on Kalman filter for
identification of J-C constants

dexp and d, | are expressed as
dexy = (F® F&)"
exp = ( e 1 )

dis = (F L)

(18)
(19)

where F. and F, are cutting force and thrust force respectively
in orthogonal cutting.

The Kalman gain matrix K, is expressed with a co-
variance matrix P, and error covariance matrix R,. They
are expressed as
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X] . . . .
R, = (F ¢ p) 0 (23) forces were measured using a three-axis piezoelectric
0 (FP)? dynamometer [27]. Average temperatures at the PSZ

where AA to AT, are the estimated deviations of unknown J-
C constants and melting temperature of workpiece material.

The J-C constants and the melting temperature of work-
piece material are identified with Kalman filter as shown in
Fig. 4. The assigned initial values X, in the Kalman filter are
determined based on the least calibration error in a small num-
ber of iterations. The calibration error is calculated as Error
= (ABS(FI-F%) + ABS(F/-FF))/(FE + FF) where
ABS, P E represent absolute value, predicted value, and ex-
perimental value respectively. The J-C model constants were
determined when the difference between predicted forces and
experimental forces is minimal.

2.4 Force and temperature measurements

Machining force and temperature are adopted from lit-
erature [27-29], in which orthogonal cutting tests were

sapphire window

chip’s free side

Fig. 5 Schematic view of temperature measurements with IR camera on
chip’s free size in orthogonal cutting [30]
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and the SSZ were measured using an IR camera and
tool-work thermocouple (intrinsic thermocouple) respec-
tively [28, 29]. This work focuses on the identification
methodology of J-C constants. The techniques of tem-
perature measurements are briefly explained in the
following.

The temperature in the PSZ was measured using an IR
camera with spatial resolution around 0.35 mm [30]. The IR
camera was placed straight above the rake face of the tool to
measure the temperature on chip’s free side as shown in Fig. 5.
Measurement with each cutting condition was made at least in
triplicate. The temperature at cutting edge was discernable and
considered as the temperature in the PSZ once it has become
stable.

The temperature in the SSZ was measured using the
intrinsic thermocouple method [31], in which the tool
and workpiece were connected by lead wires to form
a closed circuit. The contact area between the tool and
the workpiece formed a hot junction; the remote section
of the tool and the workpiece formed a cold junction. A
copper brush was used to maintain connection during
machining. A schematic view of the intrinsic thermo-
couple in machining is illustrated in Fig. 6. This method
is one of the most robust and reliable methods for mea-
suring the average temperature at the tool-chip interface
despite the shortcomings of ignoring other bi-conductor
interface and the fluctuation of contact area [27].

Table 1 J-C constants obtained from SHPB tests (¢ = 1, Ty = 25°C)
Material A (MPa) B (MPa) C m n T, CC)
AISI 1045 [19] 553.1 600.8 0.0134 1 0.234 1460

AL6082-T6 [20] 250 243.6 0.00747 131 0.17 582
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Table 2 Cutting conditions,
force, and temperature
measurements for AIST 1045 steel
and AL 6082-T6 aluminum

Table 3 Identified J-C constants
for AISI 1045 steel and AL 6082-
T6 aluminum and calibration
error

Table 4 Other predicted variables
for AISI 1045 steel and AL 6082-
T6 aluminum

2.5 Validation

Material Test fHy(mm) w(mm) «(degs) V@m/s) T(°C) T,,,(°C) Fc(N) Ft(N)
AISI 1045 0.15 1.6 5 3.33 313.12 815.74 583 402
[28] 0.3 1.6 -7 333 383.1 992.44 1125 740
0.3 1.6 5 333 300.77 941.15 976 493
Material Test fp(mm) w(mm) «(degs) V@m/s) Tp(°C) T,,,(°C) Fc(N) Ft(N)
AL6082-T6 0.4 3 8 4 205 464 795 300
[29] 0.2 3 8 6 188 493 456 204
0.4 3 8 6 198 508 768 276

Material Test A (MPa) B (MPa) C m n T (QC) Error (%)
AISI 1045 Initial 500 500 0.01 1 0.2 1500

1 493.93 523.82 0.010 1.025 0.203 1574.33 1.14

2 623.64 456.72 0.009 1.029 0.185 1561.42 3.16

3 499.02 500.91 0.011 1.106 0217 1582.72 4.12
AL 6082-T6 Initial 200 200 0.01 1 0.1 600

1 258.30 253.72 0.010 1.238 0.100 786.27 6.26

2 237.77 238.53 0.012 1.278 0.109 833.03 9.98

3 225.60 229.32 0.011 1.139 0.106 875.09 6.12
Material Test ¢ (degs) t, (mm) Material Test ¢ (degs) ¢, (mm)
AISI 1045 17.31 0.49 AL 6082-T6 2 29.62 0.38

2141 0.72 3 31.67 0.70
2244 0.75 1 29.62 0.75

J-C constants are determined with the modified chip
formation model and the iterative gradient search

<30\
& \ /
e \ /
< \ /
u‘j 20 \
s \ /
g |\ /
o \'\
810 —
= N ]

0 bt

-60 -40 -20 0 20 40
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Fig. 7 The sensitivity of initial J-C constants for AISI 1045 steel with test

1 in 50 iterations

method as discussed in Sections 2.2 and 2.3. AISI
1045 steel and AL 6082-T6 aluminum are chosen to
test the presented method. The identified J-C constants
are validated by comparing to the model constants

N w
o o

S
o

Combined Error (%)

100

200

Iteration

Fig. 8 Calibration errors in determining the J-C constants of AISI 1045
steel with test 1 in 300 iterations

300
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600

500 ’

—

=~ 400
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0

Fig. 9 Predicted forces in determining the J-C constants of AISI 1045
steel with test 1 in 300 iterations. Red line and blue line represent
predicted cutting forces and predicted thrust forces respectively

Force (N

100 200 300
Iteration

documented in the literature. The documented J-C con-
stants were obtained from SHPB tests conducted at
strain ranges of 0.05 to 0.2, strain rate of 7500 1/s,
and temperature ranges of 35 to 625 °C for AISI 1045
steel [19] and for Al 6082-T6 aluminum [20]. In addi-
tion, the documented J-C constants have been validated
in analytical modeling of machining process in the lit-
erature [29, 32]. The J-C constants and melting temper-
ature of AISI 1045 steel and Al6082-T6 aluminum are
given in Table 1.

SN
o
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w
o
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N
o
ae -

Calibration Error (%)

)
(
\.

-60 -40 -20 0 20 40 60
Variation of Initial J-C Constants (%)

Fig. 11 Sensitivity study of initial J-C constants for AL 6082-T6
aluminum with test 1

3 Results and discussion

To test the proposed methodology, J-C constants of AISI 1045
steel and AL 6082-T6 aluminum were determined with tem-
perature and force measurements from multiple orthogonal
cutting tests. Inputs including variables of cutting condition,
cutting forces, and cutting temperatures are given in Table 2.
J-C constants were determined under various cutting condi-
tions. The identified J-C constants and corresponding calibra-
tion error with each cutting test are given in Table 3. Other
predicted variables are given in Table 4.

Fig. 10 Convergent patterns of 550 540
predicted J-C model constants E ;_(-6
d melting t ture of AISI
o 2 s00 ) 2 520
iterations < 03]
450 500
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- L
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Iteration Iteration
0.22 1600
&
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Iteration Iteration
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Fig. 12 Calibration errors in determining the J-C constants of AL 6082-
T6 aluminum with test 1 in 300 iterations

For AISI 1045 steel, the initial J-C constants were
determined based on the least calibration error in a
small number of iterations. The sensitivity of initial J-
C constants was investigated with the calibration errors
by varying each initial J-C constant at the same amount
up to 60% as shown in Fig. 7. The least calibration
error was observed with the chosen initial J-C constants
for AISI 1045 steel as in Table 3. The calibration errors
and predicted forces in the identification of the J-C
constants of AISI 1045 steel under test 1 cutting condi-
tion are shown in Figs. 8 and 9 respectively. A decreas-
ing trend for calibration errors was observed in a small
number of iterations. The calibration errors became sta-
ble at an acceptable low value. Convergence of predict-
ed forces was observed in a number of iterations. The
convergent patterns of each J-C constants in the identi-
fication are shown in Fig. 10.

For AL 6082-T6 aluminum, the same method was
used to identify J-C constants. The sensitivity of initial

1000

800 ([
600

400
200 '

0 100 200 300
Iteration

Force (N)

Fig. 13 Predicted forces in the determination of J-C constants of AL
6082-T6 aluminum with test 1 in 300 iterations. Red line and blue line
represent predicted cutting forces and predicted thrust forces respectively

J-C constants in the determination is shown in Fig. 11.
The least calibration error was observed with chosen
initial J-C constants for AL 6082-T6 as in Table 3.
The calibration errors, predicted forces, and convergent
patterns of each J-C constant in the identification with
test 1 are shown in Figs. 12, 13, and 14 respectively.

With initial J-C constants remaining the same for
each material, the J-C constants were identified with
more cutting experiments for AISI 1045 steel and AL
6082-T6 aluminum individually. The predicted J-C con-
stants and corresponding error of identification with
each test are given in Table 3. The calibration errors
for the identifications with all tests are less than 10%.
The predicted J-C constants from three cutting experi-
ments were then validated to the documented J-C con-
stants from SHPB tests. As shown in Fig. 15, good
agreements between predicted J-C constants and J-C
constants from SHPB tests were observed for AISI
1045 steel and AL 6082-T6 aluminum. The deviations
between identified J-C constants and J-C constants from
SHPB tests were caused by the accuracy of the input
cutting force and cutting temperature, and the assump-
tions made for the modified chip formation model in
orthogonal cutting. Moreover, the computational time
for each identification of J-C constants with a personal
computer running at 2.8 GHz was less than 5 min. For
comparison, the computational time for each identifica-
tion using the previous model without the iterative gra-
dient search method cost a few hours [17].

4 Conclusion

J-C model is widely used in analytical modeling of
force, temperature and residual stress in the machining
process. This paper presents an effective and efficient
analytical approach to inversely identify J-C constants
based on a modified chip formation model and an iter-
ative gradient searching method using Kalman filter al-
gorithm with force and temperature measurements in
orthogonal machining. Temperature measurements were
adopted from literature and used in the modified chip
formation model to predict machining forces. The J-C
constants were identified when the difference between
predicted forces and the experimental forces was mini-
mal. The proposed method requires only one orthogonal
cutting experiment with measurements of force and tem-
perature to determine the J-C constants of workpiece
material. The material properties of the workpiece are
not required for the identification of J-C constants.
Good agreements were observed between identified J-C

@ Springer
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Fig. 14 Convergent patterns of
predicted JC model constants and
melting temperature of AL 6082-
T6 aluminum in 300 iterations

260 260
a o
= 240 = 240 J\
m
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lteration Iteration
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0.008 11
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lteration lteration
012 . 800
>
= 01 ~ 700
£
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0.08 600
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lteration Iteration

constants and documented values obtained from SHPB
tests for AISI 1045 steel and AL 6082-T6 aluminum. In
this light fact of the simple orthogonal cutting test,
modified chip formation model without using material

Fig. 15 Identified J-C constants
from different cutting tests and
documented J-C constants from
SHPB tests for AISI 1045 steel
and AL 6082-T6 aluminum. 1, 2,
and 3 denote the experimental
tests used for the identification of
J-C constants. SHPB denotes the
documented values from SHPB
tests for validation purpose. The
blue line and red line represent the
corresponding values of J-C
constant for AISI 1045 steel and
AL 6082-T6 aluminum
respectively
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properties, efficient gradient search method, the pro-
posed method had advantages of less experimental com-
plexity and less mathematical complexity, and high
computational efficiency.
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Appendix

The tool-chip contact length (%) at the tool-chip interface is
expressed as

t1sinf

- C()I’lgq
cosAsing

32 (Cs)con)

(23)

The length of the shear zone (/4 ) is calculated based on the
orthogonal cutting geometry as

51

= sind (24)

lap

The angle between the resultant force and primary shear
zone AB () and friction angle at the ool-chip interface (\) in
orthogonal cutting are

0 = arctan [1 +2 (g —¢) —Concq} (25)
where strain hardening constant (n) is expressed as
nBe’;
heg = B8 (26)
(A + Bely)
A=0-9+a (27)

The shear velocity (V) and chip velocity (V.) are
calculates as

Vcosx
" aos(oa) -
_ Vsing
¢ cos(¢—a) (29)
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