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Abstract: This paper evaluates a physics-based analytical model in the prediction of machining
temperature of AISI 1045 steel and AISI 4340 steel. The prediction model was developed based on
the Johnson-Cook constitutive model (J-C model) and mechanics of the orthogonal cutting process.
The average temperatures at two shear zones were predicted by minimizing the difference between
calculated stresses using the J-C model and calculated stresses using the mechanics model. In this
work, (1) the influence of input Johnson-Cook model constants, cutting force, and chip thickness
on the accuracy of predictions are investigated with sensitivity analyses, in which multiple sets of
available J-C constants and varying cutting force and chip thickness are used for the temperature
prediction in machining AISI 1045 steel. The larger the input deviation, the larger prediction deviation.
The temperature at the primary shear zone is more susceptible to the deviation of inputs than the
temperature at the secondary shear zone. (2) The machining temperatures are also predicted in
machining AISI 4340 steel using cutting tools with various specifications to demonstrate its predictive
capability. Good agreements are observed upon validation to available experimental data in the
literature. (3) Lastly, the advantage and limitation of the temperature model are discussed with
comparison other analytical temperature models. Considering the reliable and easily measurable
input requirements and sufficient predictive capability, this temperature model can be employed for
effective and efficient machining temperature prediction.

Keywords: sensitivity analysis; temperature prediction; Johnson-Cook constitutive model;
mechanics of the orthogonal cutting

1. Introduction

Machining is an important manufacturing methodology because of its precision, fast processing
speed, and applicability to a broad class of materials. Conventional machining processes and
non-conventional machining processes such as laser-assisted machining [1] and electrically assisted
machining [2—4] have been widely used to transform bulk materials into products with desired
geometry and functionality. Elevated temperature in conventional machining has a negative influence
on tool performance, tool life, and the quality of machined parts because it softens tool materials and
increases diffusion. It is well-known that the plastic deformation at the primary shear zone (PSZ) and
the friction at the tool-chip interface (secondary shear zone or SSZ) are two principal heat sources in
orthogonal cutting. Previous works have made considerable progress in modeling the temperature
distribution in the machining process. Experimental approaches, numerical approaches, and analytical
approaches have been developed in the past.
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Experimental approaches using intrinsic thermocouples (alternatively names tool-work
thermocouples), embedded thermocouples, radiation pyrometers, metallographic techniques, and a
method using fine powders of constant melting temperature have been reported for the temperature
measurements of tool and workpiece. The details of temperature measurement techniques can be
found in the literature [5,6]. Machining temperature measurement is challenging and difficult because
of the complex contact phenomena between the cutting tool and workpiece, and restricted accessibility
during the process.

Numerical approaches were developed based on the finite element method (FEM) for the modeling
of the machining process. Steady state condition was enforced in the prediction of temperatures using
a FEM model [7]. The geometrically complex cutting tool was used in the simulation of the milling
process, which yielded an estimation of a specific cutting coefficient [8]. Influence of the cutting
tool edge roundness on the temperature distribution in orthogonal cutting process was investigated
with FEM model [9]. Influence of the multi-layer tool coatings on the temperature distribution
was investigated with FEM model [10]. Laser-assisted machining was also investigated with FEM
models [11-13]. Although numerical approaches have made considerable progress in modeling
the machining process, the expensively computational cost is still a major drawback. In addition,
experimental measurements of chip morphology, machining force, and temperature, and residual
stress were often needed in the numerical approaches for the purpose of calibration and validation.

Analytical approaches were also developed to predict the machining process. The shear
and ploughing coefficients were used to predict machining force in the milling process [14].
CAM software was integrated to predict machining forces in three-axis milling and five-axis
milling [15]. Orthogonal cutting configuration was commonly enforced to simplify the developed
models. Chip formation model, as originally proposed by Oxley, was modified to predict force and
temperature in the orthogonal cutting process, in which machining temperatures at PSZ and SSZ were
assumed to be uniform, and they were calculated using heat partition equations [16]. Another analytical
model base on energy balance on the controlled volume was developed to predict transient cutting
temperature with calculated heat flux from input cutting forces [17]. The model based on energy
balance was further developed using insulated boundary condition to simplify the input requirements
and improve the computational efficiency [18]. Komanduri, R. et al. developed an analytical model
considering the effect of shear plane heat source at PSZ and the effect of frictional heat source at
SSZ [19]. The temperature rise due to the shear plane heat source and the frictional heat source were
solved by moving oblique band source solution [20] and a modified moving band solution (chip
side) and stationary rectangular heat source solution (tool side) [21] respectively. The model based
on two heat sources was future developed with the assumption of non-uniform heat intensity and
partition ratio to improve prediction accuracy [22]. Regression analysis and neural network analysis
were also employed to predict the tool-chip interface temperature [23]. The complex mathematic
equations and the iterative solving algorithm reduce the computational efficacy of the aforementioned
analytical models.

Ning J. et al. presented an original analytical model to predict the average temperatures at
PSZ and SSZ in the orthogonal cutting process. This temperature model was developed based
on the Johnson-Cook constitutive model (J-C model) and mechanics of the orthogonal cutting
process [24]. ]-C model was employed in the temperature model because it is effective, simple and
easy-to-use. J-C model constants (J-C constants), cutting force, and chip thickness were used as inputs.
However, the influence of input J-C constants, cutting force and chip thickness on the temperature
prediction was not investigated. Multiple sets of J-C constants are available in the literature, in which
the J-C constants were identified from different experimental approaches, numerical approaches,
and analytical approaches [25-29]. The vibration and limitation of the measuring equipment cause
the variations of cutting force and chip thickness [30-32]. The advantages and limitations of the
temperature model have not been fully investigated.
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In this work, (1) the influence of input J-C constants, cutting force, and chip thickness on
the accuracy of temperature prediction is investigated. Sensitivity analyses are performed to
predict temperatures in machining AISI 1045 steel, in which multiple sets of available J-C constants,
varying cutting force, and varying chip thickness are used. (2) The capability of the presented model is
further investigated to predict temperatures in machining AISI 4340 (Sweden Grade 552541) steel using
cutting tools with various edge micro-geometries and coatings. (3) The advantages and limitations
are discussed based on model input, output and assumptions, implementation issue, and predictive
capability. The presented model is compared to other widely used analytical models in the machining
process including Oxley’s chip formation model and Komanduri’s temperature model considering
two heat sources. Predicted temperatures are validated by comparing to documented values adopted
from literature. Moreover, machining forces and tool wear can be further investigated with available
temperatures at two shear zones.

2. Methodology

The presented temperature model is developed based on J-C model and mechanics of the cutting
process as illustrated in Figure 1. The equivalence between calculated stresses using J-C model and
calculated stresses using cutting mechanics yields the estimation of machining temperatures at PSZ
and SSZ. Cutting condition parameters (cutting velocity V, the width of cut w, the depth of cut t;,
tool face rake angle «), ]-C model constants (A, B, C, m, n), cutting force (F;) and chip thickness (t;) are
given as inputs. The reliable and easily measurable cutting force and chip thickness can be obtained by
using a piezoelectric dynamometer and a micrometer respectively [32].
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Figure 1. The algorithm of temperature prediction model based on Johnson-Cook (J-C) model and chip
formation model [24].
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J-C model is a semi-empirical constitutive model, which calculates materials flow stress with
consideration of strain hardening effect, strain rate hardening effect and thermal softening effect. It is
widely used in analytical modeling of force, temperature and residual stress in the machining process.
The J-C model is expressed as

a:(A+Bs”){1+c1n<jo>}[1—(51__%)"1} (1)

where the five material constants A, B, c, n, m are the yield stress, the strength coefficient, the strain
rate coefficient, the strain hardening coefficient, and the thermal softening coefficient respectively.
The shear angle (¢) is directly calculated from the chip compression ratio (r) with the assumption

of the constant material flow rate at the chip formation area (t; V = t,V;) as

_t Ve sin(¢)
TRTV T coslp-a) ®

where V, V; are cutting velocity and chip velocity respectively; t; and t; are the depth of cut and chip
thickness respectively.

The shear flow stress at the PSZ can be calculated using the cutting mechanics (k45) and J-C
model with von Mises yield criterion (k' ;) separately as

/ UAB 1 n ( SAB) < (TAB_Tr>m>
= TAB _ (A4 Bey)(1+CmAB) (1 (ABT 4
AB= /3 \@( AB) € T, —T, “4)

The average temperature at PSZ (T43) is determined by minimizing the difference between the
shear flow stress (k4p) and the shear flow stress (K, ).

The flow stress at the SS5Z can also be calculates using the cutting mechanics (T;,,;) and J-C model
with von Mises yield criterion (k;,;) separately as

F
hw

1 N Tt — T \™
Kint = %(A + Bel,)) <1 +c1n‘°’£l.’;f) (1 - <Tmf_Tr) ) (6)

The average temperature at the SSZ (Tj,;;) is determined by minimizing the difference between
the shear flow stress (T;,;) and the shear flow stress (k;;;;). Details of the calculations of strains (),
strain rates (¢), lengths of the shear zones (I 45; h) at PSZ and SSZ and the strain rate constants (Cp and
) can be found in previous work [24].

The influence of input ]J-C constants, cutting force, and chip thickness on the accuracy of

©)

Tint =

temperature prediction is investigated using sensitivity analyses in machining AISI 1045 steel. First,
machining temperatures are predicted using multiple sets of available J-C constants adopted from
literature. Second, machining temperatures are predicted using varying cutting forces up to +30%
with the cutting condition and other variables remaining the same. Third, machining temperatures are
predicted using varying chip thickness £30% with the cutting condition and other variables remaining
the same. The predicted temperatures are validated to the documented values in the literature.

The capability of the presented model is investigated with temperature predictions in machining
AISI 4340 steel using cutting tools (inserts) with various specifications. Experimental data and cutting
tool specifications are adopted from literature, in which five cemented carbide cutting inserts are used
in the orthogonal cutting tests. The predicted temperatures are validated to the available experimental
values in the literature.
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The advantages and limitations of the presented model are discussed in terms of assumptions,
inputs, outputs, and implementation issues with a comparison to other machining predictive models
including chip formation model and temperature model based on two heat sources.

3. Results and Discussion

In this work, the presented model was employed to predict the average temperatures at PSZ and
SSZ in machining AISI 1045 steel and AISI 4340 steel. The machining temperatures were predicted
in orthogonal cutting of AISI 1045 steel under various cutting conditions. The influence of input J-C
constants, cutting force, and chip thickness on the prediction accuracy was investigated in machining
AISI 1045 steel. The model capability was investigated in the machining AISI 4340 steel using cutting
tools with various specifications. The advantages and limitations of the presented were discussed
in terms of assumptions, inputs, outputs, and implementation issued with a comparison to other
commonly used analytical machining models.

The average temperatures at PSZ and SSZ in orthogonal machining of AISI 1045 steel were
predicted under various cutting conditions as given in Table 1. J-C constants of AISI 1045 steel obtained
from Split Hopkinson Pressure Bar tests were used in the prediction as given in Table 2. The machining
forces and temperatures were adopted from literature [32]. The machining forces were validated
with experimental forces and good agreements were observed. The machining temperatures were
validated with experimental force comparisons because the temperatures were intermediate variables
in predicting machining forces.

Table 1. Cutting conditions and machining forces in orthogonal machining of AISI 1045 steel.

Material Test a(degs) V(m/min) w(mm) ¢ (mm) t,(mm) FRN) FR@N)

AISI1045 1 5 200 1.6 0.15 0.31 433 171
[32,33] 2 5 200 1.6 0.30 0.54 773 233
3 5 300 1.6 0.15 0.28 406 136

4 5 300 1.6 0.30 0.69 899 366

Note: R denotes documented values that were validated with experimental results.

Table 2. Johnson-Cook model constants of AISI 1045 steel (¢p = 1; T, = 25 °C; Ty, = 1460 °C).

Approach A (MPa) B (MPa) C m n
SHPB [25] 553.1 600.8 0.0134 1 0.234
Naik P. [34] 552 604 0.0131 0.95 0.231
Ozel T. [35] 451.6 819.5 0.0000009 1.0955  0.1736
Ozel T. CPSO [36] 546.83 609.35 0.01376 ~ 0.94053  0.2127

The predicted temperatures using the presented model and documented temperatures are given
in Table 3. Good agreements were observed between predicted temperatures and documented
temperatures as illustrated in Figure 2. The predicted values are generally larger than their
corresponding documented values because the documented values were calculated using heat partition
equations (Tap = T, + 7ATsz; Ty = Tr + ATsz + PpATyy), in which the heat partition factors were
assumed based on the performance of predicted forces. The heat partition factors were underestimated
because (1) the documented forces in literature were smaller than the experimental forces [32]; (2) The
positive correlation between machining force and temperature has been reported in references [37,38].
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Table 3. Predicted temperatures and other process variables in orthogonal machining of AISI 1045 steel.

Test Tup (COR Tap (°C) Tyt (°C) R Tt (°C) ¢ (degs) Co é

1 313.12 356.66 815.74 895.57 25.61 465 018
2 300.77 341.59 941.15 997.29 28.84 428 015
3 306.30 333.56 891.20 964.38 28.03 437 0.16
4 297.80 345.07 1018.00 1018.23 30.12 3.77  0.02

Note: R denotes documented values that were validated with experimental results [33].
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Figure 2. Temperature predictions in orthogonal machining of AISI 1045 steel. T4p (top) and T,
(bottom) denote the average temperatures at primary shear zone (PSZ) and the average temperatures
at secondary shear zone (S5Z) respectively.

To investigate the influence of inputs on the accuracy of predicted temperatures in the proposed
model, input cutting force and chip thickness in orthogonal cutting of AISI 1045 steel were varied
up to £30% and multiple sets of available J-C constants were used in the prediction under test 1
cutting condition. The deviation of predicted temperature was calculated as D = abs (T — T f) / Tref,
where T, is the documented temperature in the literature. The predicted temperatures with varying
cutting force and varying chip thickness are illustrated in Figures 3 and 4 respectively. The minimum
deviation for the temperature at PSZ (T4p) was found at a global minimum location because it was
determined when the difference between the shear flow stress (k 45) and the shear flow stress (k') is
minimal. The minimum deviation for the temperature at SSZ (Tj,;) was found at a local minimum
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location because it was determined by minimizing the difference between the shear flow stress (T;,;;)
and the shear flow stress (k;,;;) and minimizing cutting force (F;). The average temperature at the
PSZ (T4p) is more susceptible to the variation of input force and chip thickness than the average
temperature at the SSZ (Tj,;;). The variation of cutting force and the variation of chip thickness affected
the predicted T4p in a similar parabolic trend. The variation of cutting force and the variation of
chip thickness affect the predicted Tj,; in a similar decreasing trend. The predicted temperatures and
other variables with varying cutting force and chip thickness in machining AISI 1045 steel are given in
Tables Al and A2 in Appendix A.
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Figure 3. Sensitivity study of input cutting force. Variation of cutting force is +30%.
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Figure 4. Sensitivity study of input chip thickness. Variation of chip thickness is +30%.

As illustrated in Figure 5, the predicted temperatures using J-C constants obtained from different
approached were in a good agreement with documented values (Set 5) under test 1 cutting condition.
The predicted temperatures and other variables with multiple sets of ]-C constants are given in Table A3
in Appendix A.
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Figure 5. Sensitivity study of input J-C constants. T4p (top) and T},;; (bottom) denote the average
temperatures at primary shear zone (PSZ) and the average temperatures at secondary shear zone (S5Z)
respectively. Set 1 to Set 4 represent prediction with different sets of J-C constants. Set 5 represents

documented temperatures.

To investigate the capability of the presented model, the temperatures were predicted in
orthogonal cutting of AISI 4340 steel using cutting tools with various specifications. The J-C model
constants of AISI 4340 steel are given in Table 4. The tool variants were designated as sharp edge (S),
round edge (R), and flank land edge (F), coated sharp edge (SC) and coated round edge (RC) as given
in Table 5. The predicted temperatures were validated to the available experimental measurements
adopted from literature [39]. The experimental average temperature and experimental maximum
temperature at SSZ are as given in Table 6.

Table 4. Johnson-Cook model constants of AISI 4340 steel (¢g = 1; T, = 25 °C) [40].

Material A (MPa) B (MPa) C m n T
AISI 4340 850 356 0.072 0513 0304 1427

Table 5. Cutting tool specifications in machining AISI 4340 steel [39].

Tool Edge Preparation Edge Radius (um)  PVD Coating

S Sharp 2+£07 Uncoated
R Round 25+4 Uncoated
F Flank Land 2+0.7 Uncoated
SC Sharp 5+3 TiN (5 pm)

RC Round 28£3 TiN (5 pm)
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Table 6. Machining temperature predictions of AISI 4340 steel (V = 200 m/min, {; = 0.1 mm,
w =4.8 mm, « = 6 degs) [39].

Tool tH(mm) F.(N) F:(N) Tyg(CQ) Tt (°C) TP (°Q) Tk CC)  ¢(degs) Cp ¢

int

S 0.17 1085.03  537.01 171.6 785.39 807.88 843.2 31.67 5.04 0.04
R 0.17 11759  812.39 123.84 834.96 813.96 859.93 31.67 505 0.01
F 0.17 1310.84  793.12 69.9 850.86 844.51 917.83 31.67 505 0.01
SC 0.2 1032.7  484.68 295.2 692.80 - 812.32 27.22 589 0.12
RC 0.17 11043  713.25 160.69 729.27 - 823.9 31.67 5.04 0.07

Note: S, R, F, SC, RC denote sharp tool edge, round tool edge, flank land tool edge, coated sharp tool edge,
and coated round tool edge respectively.

The predicted temperatures using uncoated cutting tools (S, R, F specifications) were validated to
the experimental average temperature. Good agreements were observed upon validation as shown
in Figure 6. The deviations of predicted temperature were due to the deviations of input cutting
forces and chip thickness due to the limitation of the measuring equipment and vibration in the
machining process [30-32]. The positive correlation between the experimental maximum temperature
and experimental average temperature has been reported in the literature. All predicted temperatures
were compared to the experimental maximum temperatures. The predicted temperatures using
coated cutting tools were smaller than those using uncoated cutting tools, which agreed well with
experimental temperatures.

1000 - I Tint_pre
Tint_exp
Il Tmax_exp
800
. 600
O
L
E
= 400
200 -
0 -
s R F sc RC

Tool Specifiction

Figure 6. Temperature predictions in orthogonal machining of AISI 4340 steel. Red color, blue color,
and black color represent predicted average temperature, experimental average temperature,
and experimental maximum temperature at SSZ respectively.

The cutting tool specifications directly affect the cutting force and chip formation in the machining
process. The cutting tool specification was considered by using experimental cutting force and chip
thickness as inputs. The input of cutting force and chip thickness provided the presented model with
promising accuracy in temperature prediction comparing to other models using perfectly sharp cutting
tool assumption.

The advantages and limitations of the presented model were discussed with a comparison to
other commonly used analytical models in machining temperature prediction. The chip formation
model and the temperature model based upon two heat sources at PSZ and SSZ were discussed for
comparison purpose. The inputs, output, assumptions, and limitation of three temperature models are
summarized as in Table 7. The presented temperature model has the least input requirements and the
least number of assumptions. The presented model does not require workpiece materials properties
that must be obtained from extensive materials property tests. The prediction of average temperatures
at PSZ and SSZ were sufficient for future prediction of force and tool wear [41]. The assumption of the
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perfectly sharp cutting tool in the chip formation model significantly reduces the prediction accuracy
in the machining process [33]. The temperature model considering two heat sources needs lengths of
PSZ and SSZ as inputs, which are difficult to obtain from experiments because of the complex contact

phenomena and restricted accessibility.

Table 7. Comparison of three analytical temperature prediction models.

Presented Temperature

Oxley’s Chip Formation

Komanduri’s Temperature

1
Mode Model [24] Model [16] Model [19]
. . Cutting condition parameters; Cutting condition
Cutting condition J-C constants; parameters;
parameters; workpiece th/ermal- hvsical cutting forces; workpiece
Input J-C constants; o el:; ties: Py and tool thermal-physical
cutting force; properties; . properties;
. . heat partition ratios at PSZ . .
chip thickness. and SS7 respectivel geometry including lengths
P ¥ and angles of PSZ and SSZ.
The average The uniform temperatures at Temperature distribution at
Output temperatures at PSZ and . - -
- PSZ and SSZ respectively. chip formation zone.
SSZ respectively.
Constant material flow Peljfect sharp cutting tool; MOVIITg .banq heat source in
rate at chip formation uniform strain and the chip; stationary
. temperature at two shear rectangular heat source in
Assumption zone; ] ;
steady state and plain zones; the tool;
. . steady state and plain strain Imaginary heat source for
strain condition. 2. ..
condition. boundary conditions.
Determination of heat
Difficulty and Prediction of average partition ratios at PSZ and SSZ  Determination of geometry
limita tio}r]1 temperature at PSZand  respectively; Prediction of including lengths and angles

SSZ respectively. uniform temperatures at PSZ  of PSZ and SSZ.

and SSZ respectively.

Overall, the presented temperature model has demonstrated its effectiveness in the prediction
of machining temperatures considering the prediction accuracy, capability and reliable and easily
measurable inputs.

4. Conclusions

This work evaluates an original temperature prediction model based on J-C model and mechanics
of the orthogonal cutting process. The average temperatures at PSZ and SSZ are predicted by
minimizing the difference between calculated shear stresses using J-C model and calculated shear
stresses using process mechanics. Temperatures were predicted in orthogonal machining of AISI 1045
steel and AISI 4340 steel and then validated to documented values in literature. (1) To investigate
the influence of input J-C constants, cutting force, and chip thickness on the prediction accuracy,
sensitivity analyses were performed with temperature predictions in machining of AISI 1045 steel.
The larger deviations of inputs, the larger deviation of predicted temperatures. The average
temperature at the PSZ (T4p) is more susceptible to the variation of input force and chip thickness
than the average temperature at the SSZ (Tj,;). ]-C constants obtained from different approaches have
negligible influence on the predicted temperatures with a comparison to the influence of varying
input cutting force and chip thickness. (2) To investigate the capability of the presented model,
machining temperatures were predicted in the orthogonal cutting of AISI 4340 steel using cutting
tools with various specifications. The cutting tool specification directly affects the cutting force and
chip thickness. The tool specification is considered by using cutting force and chip thickness as
inputs. (3) Considering the least input requirements, the least number of assumptions and sufficient
predictive capability, the presented temperature model can effectively predict machining temperatures.
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Machining forces and tool wear can be further predicted with predicted temperatures. The applicability
of the temperature model on a broader class of materials such as titanium alloy and nickel-based alloy
can be investigated in the future.
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Appendix A

Table A1. Predicted temperatures and other variables with varying cutting force input under test 1
cutting condition.

F, Variation (%) Ty (°C) T;,; (°C)  Txp Deviation (%) T;y: Deviation (%) ¢ (degs) Co )

30 26.15 77591 91.65 4.88 25.61 4.65 0.08
20 136.22 842.72 56.49 3.31 25.61 465 0.07
10 246.44 943.44 21.29 15.65 25.61 465 0.03
0 356.66 898.56 13.91 10.15 25.61 465 0.18
-10 466.74 967.37 49.06 18.59 25.61 465 012
—-20 576.96 1077.07 84.26 32.04 25.61 4.65 0.04
-30 687.18 1151.86 119.46 41.20 25.61 465 0.02

Table A2. Predicted temperatures and other variables with varying chip thickness input under test 1
cutting condition.

tp Variation (%) Ty (°C) T, (°C)  Typ Deviation (%) T;y: Deviation (%) ¢ (degs) Co J

30 588.29 919.51 87.88 12.72 19.95 535 0.13
20 522.85 931.47 66.98 14.19 21.57 515 0.08
10 440.33 942.44 40.63 15.53 23.59 490 0.06
0 356.66 898.56 13.91 10.15 25.61 465 0.18
-10 253.04 931.47 19.19 14.19 28.03 437 015
-20 125.60 1033.19 59.89 26.66 30.86 4.08 0.07
-30 25.00 1169.81 92.02 43.40 34.49 3.77 0.07

Table A3. Predicted temperatures and other variables with multiple sets of ]-C constants under test 1
cutting condition.

J-C Constants Set Tsp (°C)  Tj,; (°C)  Typ Deviation (%)  Tj,; Deviation (%) ¢ (degs) Cp I

1 356.66 898.56 13.91 10.15 25.61 4.65 0.18
2 331.55 947.43 5.88 16.14 25.61 4.69 0.18
3 367.43 910.53 17.34 11.62 25.61 499 0.15
4 336.86 892.58 7.58 9.42 25.61 5.04 0.10
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