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Metal Cuttin? Simulation of 4340 Steel Using an Accurate Mechanical 
Description of Material Strength and Fracture 

P. J. Maudlin and M. G. Stout 

Mail Stop B216, I?. 0. Box 1663 
Los Alamos National Laboratory 

Los Alamos, NM 87545 

ABSTRACT 

Strength and fracture cons t it u tizie relationships containing strain 
rate dependence and thermal softening are important for accurate 
simulation of metal cutting. The mechanical behazrior of a 
hardened 4340 steel was characterized using the von Mises yield 
function , the Mechanical Threshold Stress model and the Johnson- 
Cook fracture model. This  consti tutive description was 
implemented into the explicit Lagrangian FEM continuum- 
mechanics code EPIC, and orthogonal plane-strain metal cutting 
calculations were performed. Heaf conduction and friction a t  the 
toollwork-piece interface were included in  the simulations. These 
transient calculations were advanced in time until steady state 
machining behavior (force) was realized. Experimental cut f ing 
force data (cutting and thrust forces) were measured for a planing 
operation and compared to the calculations. 

I. Introduction 
Metal cutting is an important industrial manufacturing process that 

has significant economic importance to the final cost of many manufactured 
products. Surface finish, tool life, chip formation, instrumentation to support 
automation, and real-time control of the process are aspects of metal cutting 
that industry is currently concerned with. A fundamental study that includes 
modeling and simulation supported by microstructural observations and 
mechanical properties measurements, in the form of both instrumented 
machining and material characterization, could significantly improve our 
understanding and perhaps lead to economic paybacks in the future. 

Physically-based strength and fracture constitutive relationships 
containing strain rate dependence and thermal softening are important for 
accurate Finite Element (FE) simulation of metal cutting. In this effort a 
hardened 4340 steel work-piece was cut using the process of planing at 
General Motors Research and Development Center (GMRDC). This steel was 
characterized using the von Mises yield function, the Mechanical Threshold 



Stress (MTS) model [l] and the Johnson-Cook (JC) failure model (21. This 
constitutive description was implemented into the explicit Lagrangian FE 
continuum mechanics code EPIC (31, and orthogonal plane-strain metal 
cutting calculations were performed. We used rather fast cutting speeds for 
economic reasons, with various rake (a) and clearance (B) angles in these 
calculations. The consti tu tive description represents the work-piece as an 
elastoplastic material and the tungsten-carbide tool as linear-elastic, allowing 
the work-piece/chip free surface to evolve as a result of the fracture model in 
conjunction with the standard element deletion algorithm contained in EPIC. 
Heat conduction and coulomb friction at the tool/work-piece interface were 
included. These transient calculations were advanced in time until steady- 
state machining behavior was realized. Experimental cutting data (GC, 
horizontal cutting and vertical thrust force components, F,, F,, respectively) 
were measured for a planing operation and compared to the calculations, 
using a kinetic coefficient of friction (p) between the tool and work-piece as a 
free parameter to achieve agreement. 

vo- 
- - -  - - - - -  

Elastic Tool 
Elastoplastk Work-piece 

Rigid Boundary 

Figure I :  Orthogonal metnl cutting schematic showing problem geometry, 
boundary conditions and cuttirig pnrnnzeters. 

Figure 1 depicts a schematic of the orthogonal machining problem, 
showing a work-piece of height h, depth w, from which a depth-of-cut to is to 
be removed at a cutting speed of vo; the back of the tool has an imposed 
constant-velocity boundary condition of v,. The length dimension e 
appearing in Fig. 1 is a tool-nose dimension. The bottom of the work-piece is 
rigidly clamped and the right-hand side is treated as a free surface. 

In the sections below we first give the constitutive modeling used in 
the FE calculations, discuss experimental procedures for characterizing the 
behavior of the 4340 steel, present the calculational results in some detail, and 
then compare these results with experimental force data. 



11. Constitutive Description 
In this effort the thermo-mechanical constitutive description needed for 

closure of the conservation equations solved in EPIC assumes a Cauchy stress 
oij partitioned into a mechanical deviatoric part and a thermodynamic 
pressure (in indicia1 form): 

oij = sij - tjijP 
The pressure I?, expressed as a function of density p and internal energy i, is 
represented with a Mie-Grunisen [4] Equation-of-State (EOS) using the cubic 
form: 

P = ( k , q + k z q 2 + k 3 q 3  --q +ipor( l+q) .  ; 1 
The compression q appearing Eq. 2 is defined as p/p, - 1. The EOS coefficients 
po, r, k , ,  kZ, k 3  have values of 7823 Kg/m3, 1.16,163.9 GPa, 294.4 GPa, and 500.0 
GPa, respectively, for 4340 steel 131. For most machining applications the 
compression is small (q < 1%) and a linear form for the first term of Eq. 2 is 
sufficient, but even for low-speed cuts the internal-energy term resulting 
from plastic work can be significant. 

The mechanical response of the material sij utilizes the von Mises 
yield function: 

where the quantity u is the material flow stress, usually a function of plastic 
strain strain rate Ep and temperature T. Equation 3 constrains the 
deviatoric stress state sij to remain on the yield surface during plastic flow, 
assuming a ra te-independent process. 

We characterized the flow stress u appearing in Eq. 3 using the MTS 
model [I] which is portrayed here in a specific form for 4340 steel: 

Each product term in Eq. 4 contains a microstructural evolution variable, 6 ,  
called the mechanical threshold stress, that is multiplied with a constant- 
structure deformation variable sth; the function s,,, is based on thermal 
activation kinetics and depends on T and Ep. The athermal threshold stress 
oa (100 MPa) represents dislocation interactions with long-range barriers such 
a s  grain boundaries and is assumed to be constant. The last term in Eq. 4 
represents dislocation/interstitial-a tom interactions; we assume bi to be 
constant (2177 MPa). The evolutionary equation needed to determine 6 in Eq. 
4 is a differential hardening law representing dislocation/dislocation 
interactions: 



In this equation 0, represents hardening due to dislocation generation and 
the product 8, F represents softening due to dislocation recovery. The 
threshold stress at zero strain hardening 6, is called the saturation threshold 
stress. Relationships for F, e,, bs are material specific; for 4340 steel these 
relationships have the form: 

'th= 

tanh ( bd /es ) 
0, = 5000MPa 6,  = iis0 '(2) = tanh(i) 

- P  1 

kT In( &,,/Cp) q '-[ ~ b 3 ~ ,  ] . 

(6a-c) 

Here k is Boltzmann's constant (1.38~10-23 J/K), b is the magnitude of Burgers 
vector (2.48~10-~0 m), hs0 is the saturation threshold stress at 0 O K  (950 MPa) , 
kso is a reference strain rate (107 SI), A is a material constant (10.0), and G is 
the temperature dependent shear modulus given by the relationship 
G = bo - b,/(eb2/* - I )  where The 

initial value for the threshold stress, S ( & P = O ) ,  is taken to be zero. For 
thermal-activation controlled deformation, s , ~  in Eq. 4 is evaluated via an 
Arrhenius rate equation: 

bo = 71.46 GPa, b, = 2.910 GPa, b2 = 204OK. 

r 
1 

. 7 -  

(7) 
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Here the exponents p and q are material constants, C, is a reference strain rate 
and go is a normalized activation energy for a given dislocation/obstacle 
interaction. For the dislocation kinetics function Sth,d the values of the 
coefficients are Ed = 10 s ,god = 1.6 , q d  = 1, Pd = 2/3, and for the interstitial 
kinetics function Sth,i the values are EOi = 10 s , goi = 0.7906 ,qi = 3/2, pi = 1/2. 
The reader is referred to Refs. [l] and [7] for more detail concerning the 
modeling and continuum code implementation, respectively, of Eqs. 4 
through 7. 

Material fracture in the FE calculations, for opening up the free surface 
between the tool and the work-piece, is modeled using the JC fracture model 
[2] in conjunction with the eroding interface algorithm 131 in EPIC. This 
eroding slide-line algorithm basically monitors the plastic strains realized in 
elements connected to nodes on the sliding interface, and deletes the element 
(possibly producing free nodes) from the spatial domain if the local plastic 
strain exceeds the failure strain predicted by Eq. 8. The sliding interface 
topology changes upon element deletion, continuously redefined on the 
remaining free surface nodes. 

The JC fracture model predicts a fracture strain Ef as  a function of the 

7 - 1  

9 -1  

triaxiality variable -P/o, normalized plastic strain rate ti* and homologous 
temperature T* (referenced to room temperature): 



Ef = ( D, + ~ ~ e - ~ x ~ / ~  )(I + D~ in i* )(I + D,T* ) 
The material coefficients Di appearing in Eq. 8 have been measured for a 4340 
steel 181 by Johnson and Cook from notched-bar tests using a Bridgman [9] 
analysis to estimate the triaxial stress state. These coefficients are D1 = -0.80, D2 
= 2.10, D3 = -0.5, D4 = 0.002, D5 = 0.61. We used a constant kinetic coefficient 
(p) to model friction between the tool face and the waste stream (chip). This 
coefficient was treated as a free parameter to obtain agreement between the 
experimental cutting forces and the simulations. A heat conduction equation 
was also solved in conjunction with the conservation equations for the 
machining system shown in Fig. 1. We assumed a constant heat capacity of 
Cp = 477.7 J / kg-OK and heat conduction coefficient of k = 38.1 1 w / m-OK for 
the work-piece. Frictional work a t  the tool/work-piece interface was 
partitioned equally between the 4340 and the tungsten-carbide. 

In the calculations presented below, the cutting speed used was faster- 
than-physical relative to the actual machining experiments because of 
computing economics. The reason being that an explicit code constrained to a 
Courant determined time step [lo], At, advances in time with a At on the 
order of 10 ns, i.e., At I Axmin/cL,  where cL for 4340 steel is 5770 m/s and the 
spatial element size Ax is roughly 10 pm. To compensate the results for the 
faster cutting speed, the strain rate and the rate-of-temperature change were 
adjusted in the simulations. For the strain rate adjustment, the dimensionless 
group kAx/v, for the experiment is matched to the corresponding 
calculational conditions giving: 

(9) 

Thus the computed strain rate in the calculations is first scaled by the cutting 
speed ratio indicated in Eq. 9 before its use in the constitutive model, i.e., Eqs. 
4 through 8, so that the model responds using the physically lower strain rate. 
For the temperature adjustment the dimensionless group pCpT/ok, i.e., ratio 
of heat storage to heat generation by plastic work, for the experiment is again 
matched to the calculation giving: 

Vo,exp 

V0,calc 
Eexp = Emlc - - 

where Cp is the heat capacity. So solution of the heat conduction equation to 
predict temperature is modified by decreasing the time constant for heat 
diffusion as indicated by Eq. 10; thus the conduction solution produces a more 
physical temperature field for the constitutive model. 

111. Experimental Procedures and Material Characterization 
The microstructure of the 4340 steel used for the machining 

experiments is shown in Figure 2. This microstructure was the result of a 
homogenization treatment, austenitizing and quenching, and finally 



Ef = ( D, + D ~ K ~ ~ ~ / ~  11 + D, in e* )(I + D,T* ) 
The material coefficients Di appearing in Eq. 8 have been measured for a 4340 
steel 181 by Johnson and Cook from notched-bar tests using a Bridgman 191 
analysis to estimate the triaxial stress state. These coefficients are D1 = -0.80, D2 
= 2.10, D3 = -0.5, D4 = 0.002, D5 = 0.61. We used a constant kinetic coefficient 
(p) to model friction between the tool face and the waste stream (chip). This 
coefficient was treated a s  a free parameter to obtain agreement between the 
experimental cutting forces and the simulations. A heat conduction equation 
was also solved in conjunction with the conservation equations for the 
machining system shown in Fig. 1. We assumed a constant heat capacity of 
Cp = 477.7 J / kg-OK and heat conduction coefficient of k = 38.1 1 w / m-"K for 
the work-piece. Frictional work at the tool/work-piece interface was 
partitioned equally between the 4340 and the tungsten-carbide. 

In the calculations presented below, the cutting speed used was faster- 
than-physical relative to the actual machining experiments because of 
computing economics. The reason being that an explicit code constrained to a 
Courant determined time step [lo], At, advances in time with a At on the 
order of 10 ns, i.e., At 5 Axmi,/cL, where cL for 4340 steel is 5770 m/s and the 
spatial element size Ax is roughly 10 pm. To compensate the results for the 
faster cutting speed, the strain rate and the rate-of-temperature change were 
adjusted in the simulations. For the strain rate adjustment, the dimensionless 
group ax/., for the experiment is matched to the corresponding 
calculational conditions giving: 

(9) 

Thus the computed strain rate in the calculations is first scaled by the cutting 
speed ratio indicated in Eq. 9 before its use in the constitutive model, i.e., Eqs. 
4 through 8, so that the model responds using the physically lower strain rate. 
For the temperature adjustment the dimensionless group pCpT/ok, i.e., ratio 
of heat storage to heat generation by plastic work, for the experiment is again 
matched to the calculation giving: 

Vo,exp 

Vo,calc 
kexp = kcalc - * 

where Cp is the heat capacity. So solution of the heat conduction equation to 
predict temperature is modified by decreasing the time constant for heat 
diffusion as indicated by Eq. 10; thus the conduction solution produces a more 
physical temperature field for the constitutive model. 

111. Experimental Procedures and Material Characterization 
The microstructure of the 4340 steel used for the machining 

experiments is shown in Figure 2. This microstructure was the result of a 
homogenization treatment, austenitizing and quenching, and finally 



tempering. The specimens were first homogenized for 15 hours at 1000 "C 
and then slow cooled at 3 "C/hour for 144 hours. After homogenization, the 
steel was heated a t  825 "C for 15 minutes and oil quenched. The last 
treatment that the steel received was a 400 "C temper for 2 hours followed by 
air cooling. One observes a classic tempered martensite structure in Figure 2. 

Figure 2: The clnssic tempered mnrfensite nricrostrucfure of the 4340 steel 
used fur these rizetnl cutting experimetzts. 

The MTS coefficients appearing in Eqs. 4-7 were determined for the 
4340 steel using data obtained from standard compression experiments [5] a t  
different strain rates and temperatures. Quasi-static experiments, k = and 
10' s , were performed at 22 "C (room temperature) and -196 "C (liquid- 
nitrogen temperature) using a conventional screw-driven Instron testing 
machine. A dewar and cryogenic compression subpress were used for the 
liquid-nitrogen temperature experiments. Compression experiments were 
also performed at strain rates between lo3 and 10 s using a Hopkinson 
pressure bar. These experiments were not only conducted at room 
temperature but also at -196 "C and elevated temperatures as well. 

The new approach of Chen and Gray [6] was used to fit the MTS model 
over a wide range of data, to account for temperature, strain rate, and work 
hardening behavior. We used ranges for each of the MTS parameters, varied 
by specific increments, to calculate a number of MTS predicted stress/strain 
curves. Minimum deviation of the predicted stress levels, at particular 

1 -1 

4 -1 



strains, from the experimental data is used as a criterion to judge the fitting. 
This criterion indicates the goodness-of-fit and is defined as: 

Four points, representing the characteristic hardening behavior on each 
experimental stress/strain curve were taken to compare to the calculated 
stresses at the corresponding strain values. This process is repeated and the 
range of the parameters and size of increment is decreased for each parameter. 
Since no single parameter is dominant or redundant, this optimization for 
the whole spectrum of data of interest yields a best set of parameters without 
excessive prejudgement. The MTS coefficients appearing above in Eqs. 4-7 
were determined in this manner. 
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Figure 3: A comparison of the 4340 conzpression experinrents with predictions 
of the M T S  inodel. The inodel predictions use the coefficients that appear in 
the above discussion related to Eqs. 4-7. 

The results of the MTS predictions are shown in Figure 3, along with 
the corresponding experimental data. One can see that this 4340 steel has a 
very high yield strength, about 1400 MPa, at  22 "C and a strain rate of 10 s . 
After yield the material exhibits only moderate work hardening, as might be 

-3 -1 



expected for a material with such a high yield strength, and experiences a 
saturation in flow stress by a true strain of 0.75. The yield stress of this 4340 
was observed to be a strong function of temperature and strain rate. One can 
see that our fits to the materials 0 1  E response are satisfactory, particularly 
considering the extreme ranges of temperature and strain rate over which we 
are fitting. 

- P lo 

Figure 4: Equivalent plastic strain at fracture shown as a function of triaxiality 
for a 4340 steel at room temperatirre nnd a quasi static strain rate. These curves 
were produced using the Johnson-Cook fracture model. 

Metal cutting observations a t  GMRDC indicated that the 4340 steel used 
in our tests was less ductile than the 4340 behavior described by the above JC 
fracture constants Di. We performed uniaxial tension tests on our 4340 steel, 
and found Ef to be 0.230 for a triaxiality of 0.557 based on a Bridgman 
correction [9] for tensile necking. These tests were used to refit the D1 constant 
in Eq. 8 assuming all the other Di remained unchanged, giving a value of D1 
= -1.361. Figure 4 illustrates Eq. 8 giving Ef versus -P/o for the JC and 
GMRDC materials. The fitting exercise in effect translates the solid Johnson- 
Cook curve shown in this figure down to the dashed-curve position for the 



GMRDC 4340 steel. For comparison purposes, Fig. 4 indicates that a uniaxial 
state of tension with a -P/o of 1/3 a t  room temperature and at a quasi-static 
strain rate gives fracture strains of about 0.9 and 0.4 for the JC and GMRDC 
4340 steels, respectively. 

The triaxiality condition realized in the machining simulations at the 
location of material fracture was calculated to be about -0.6, implying a 
Johnson-Cook fracture strain greater than 2.0 from Fig. 4 for the JC material, 
and a fracture strain of about 1.4 for the GMRDC material. This modified 
fracture strain curve for the GMRDC material was used in the machining 
simulations. 

IV. Simulations and Cutting Force Comparison 
The EPIC continuum mechanics code [3] was used to simulate the 

machining problem depicted in Fig. 1, using h = 273 pm (10.75/1000 inch), w = 
6.223 mm (0.245 inch), to = 127 pm (5/1000 inch), (a) = 30", (p) = 5" and v, = 
10 m/s. The work-piece was meshed with triangular single-integra tion-point 
elements that spatially resolved the space domain into 3200 elements with a 
6.35 pm (2.5/10000 inch) element size. The tool was crudely modeled with just 
two triangular elements producing, in principle, an infinitely sharp cutting 
edge (tool nose). However, even though the shape of the nose was not 
numerically resolved in the simulations, it has an effective shape due to the 
interaction of the tool with the eroding slide line located on the surface of the 
work-piece. The length scale associated with this shape (the dimension e in 
Fig. 1) is equivalent to a single element size, i.e., e = 13.6 p; compare this to a 
length scale of 15 to 20 pm which has been estimated [ll] for the tungsten- 
carbide tool nose geometry used in the GMRDC machining experiments. 

At the tool/chip interface the kinetic coefficient of friction p (or tank 
where h is the friction angle) used in the calculations was assumed constant 
a t  1.0. This value for p implies a cutting force ratio and shear angle +, from 
simple Ernst and Merchant shear-plane theory [12,13], 

(1 h b )  

of 0.268 and 37.5", respectively, where the positive direction of F, in this 
theory is considered to be down. 

Figure 5 presents simulation results from EPIC in terms of a deformed 
geometry after 2 mm of tool displacement, with superimposed contours of EP. 

The largest value of EP observed in these results is about 1.40, corresponding 
to the failure strain predicted by Eq. 8 and seen in Fig. 4. The EP contours in 
Fig. 5 have been limited to a maximum of 0.6 to illustrate the spatial gradient 
of across the chip thickness. The observed chip curl in Fig. 5 is a direct 
result of this gradient, where strains in excess of 0.60 are realized on the 
convex side of the chip compared to strains of 0.50 on the concave side. The 
saw-tooth finish in the wake of the tool should not be interpreted as surface 

- Ft - - tan@ -a) and $ = n/4 + a/2 - h/2 
Fc 



roughness, but rather as a smooth finish where the triangles remaining on 
the surface represent a layer of steel 3.175 p thick. A more resolved analysis 
of the contours of eP in Fig. 5 graphically indicate a $ of roughly 30", 
compared to the Eq. l l b  result of 37.5". 

During this 2 mm tool displacement, the force solution quickly 
achieves steady state behavior because stress wave communication with the 
free surface through the depth-of-cut is quite good: 2270 reverberations per 
mm of displacement based on a longitudinal stress wave speed of 5770 m/s. 
The computed steady state force solution is expected to have an periodic 
structure due to the material fracturing process; as elements in the vicinity of 
the tool's cutting edge exceed the fracture strain and are deleted from the 
spatial domain, free surface is instantaneously created. This results in stress 
relief and the generation of new stress waves. This force periodicity is also 
expected and observed in the experimental measurements, resulting from the 
same fracture and generation of free surface process. 
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Figure 5: Eqriiualenf plastic strain contour plot superinzposed over the F E  
deformed geonrefry at 2 m m  of tool displacement. 



Figure 6 presents horizontal and vertical steady state cutting forces 
evaluated at the back of the tool, as instantaneous time functions and in a 
time averaged form. The periodicity structure discussed above is observed in 
these results as material failure occurs. Experimental data for these machining 
conditions obtained from GMRDC indicate a cutting force of 2040 N, and a 
thrust force of -536 N (i.e., -F,/F, = 0.263) in the orientation indicated by Fig. 1 
(the negative sign associated with F, indicates a downward directed 
component, consistent with Fig. 1). Comparing these forces to the time- 
averaged values of 1934 N and -435 N (Le., -F,/F, =0.225) from Fig. 6 
indicates good agreement in the cutting force (5% difference) and less 
agreement in the vertical force (18.7% difference). Using the experimental 
force ratio, Eq. l l a  predicts the friction coefficient to be 0.990 and Eq. l l b  
predicts the shear angle to be 37.6’. This friction coefficient is consistent with 
the p used in the simulations, but the shear angle is 20% high. 
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Figure 6: EPIC cutting and fhrusf  force results shown over a 20 p window-of- 
time late in the calczilafion nffer sfendy state has been achieved. Also shown 
by the dashed curues is a least-squares 20 ps finze average of the forces. 



V. Conclusions 
We believe that the agreement between our numerical-simulation 

results and the experimental measurements of cutting and thrust forces for 
4340 steel is quite good. 

The principal reasons for this good agreement were the advanced 
material models that we used in the numerical code EPIC. It was very 
important that we used an advanced constitutive relationship that accurately 
accounted for the temperature and strain-ra te sensitivity of the material's 
yield and flow stress. In addition, we found that the failure-strain model was 
also important. A key element associated with the failure model was an 
accurate calibration for our particular 4340 steel. The calibration was 
performed using tensile experiments, but it was not until we took into 
account the Bridgman correction for local necking that our model calibration 
was accurate. The only behavior that we could not specify in the simulation, 
with some independent experiment, was the friction boundary condition at 
the tool/work-piece interface. We found though that the value of the friction 
coefficient that gave the best results was fully consistent with the previous 
simple model of Ernst and Merchant. 

The use of sophisticated materials models in a computational code 
requires an extensive data base. However, if we had not made the effort to 
acquire this data base and implement the sophisticated material models our 
simulation results would not have been nearly as accurate. 
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