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BEHAVIOUR OF ELASTO/VISCO-PLASTIC WORKPIECE MATERIAL
DURING MACHINING

Experimental investigations of plastic deformatard uniaxial tension of elasto/visco-plastit/\(-P) material
(41Cr4) were conducted to characterize the flow behavidhe material. Dynamic effects, constitutive daa

law and contact with non-linear friction in simudats were described using updated Lagrangian fatioul.
That model of the process allows defining advansietulations of tool's penetration in workpiece aridp
formation. The yield stress is taken as a functibrihe strain and the strain rate in order to mflealistic
behavior in metal machining. In numerical simulaidhe Cowper-Symonds model of yield stress is.uSed
properly modeling of unsteady-state process, anmhtgeparation criterion based on the failureisteawere
determined. Finite element simulations were carogdusing ANSYS code. The influence of the chqa@tess
parameters in numerical simulations on the chifiapgs was presented. Results revealed good agresemen
betweerFEM results and experimental ones.

1. THE INFLUENCE OF CHOSEN CUTTING CONDITIONS ON THSHAPE
DURING EXPERIMENTAL RESEARCHES

In metal forming processes, which material formas lmore than one degree of freedom,
such as cutting, intuition or experience may nosub#icient to predict the mechanics of the
process. Visualization of the process is a usefledfective tool in this case.

An essential part of the work of the cutting pracesodeling is mathematical and
physical modeling. Process that were consideregkeametrically and physically nonlinear
initial-boundary problem, which has non-linear,xflde and variable in space and time
boundary conditions. Boundary conditions in thetaohzone between the tool and the
subject are unknown.

The main aim of this article is confirming the iy of using FEM software
to analyze and explain e.g. physical phenomenarongun the contact area between tool
and the object. It was very difficult or impossilite analyze the behavior of workpiece
in the contact zone, until noweEM allows observing and explaining the distribution
e.g. stresses in the chip formation zone withow ttreed creating and carrying out
experiments on precious test stand.
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Currently winding and chip breaking processes aralsting usingFEM programs
such as ANSYS, ABAQUS or AdvantEdge, which wereduse[5],[6],[7],[15] to simulate
the cutting of e.g. steel £56Mo4. The authors modeled the process of creatingoesaking
chip as a result of achieving the critical bendimgment - the maximum tensile stress in the
outer layer of the chip.

1.1. PREPARATION OF THE SAMPLES AND USED TOOL

Experimental researches were conductedGNC NEF400 machining center and
allowed to determinate of influence of feed valueohip shape. 4ar4 steel shafts in the
normalized state were prepared for the researiesit's surface were machined using
grinding wheel 05/0/8 380-LVBE 500x50%203 with tool speed 15@@n and hydraulic
feed. Every shaft hast two working surface witchgianess Ra = Qu6n (Fig. 1).

Fig. 1. View of shafts

Tool holder WALTER 9(’STGCL 2020K 16 with diamond cutting edge
TCMWI16T308P CD10 from Sandvik Coromant company was used in rekear After
orthogonal machining chip‘s shape were analyzed.

1.2. REALIZATION OF RESEARCHES

Machining process were analyzed for constant maufivelocity w=2,9ms* but for
different value of feed: f =0,025; 0,02; 0,015;1,0,005 and 0,0G@m ™.

For every case, tool distance were similar and Iwasnm. Feed value is value of the
thickness layer machined. Measurement of chip’pshand its surface were made on
scanning electron microscope JAVI-5500V. There are chosen exemplary of chip’s
shapes on Fig. 2 to Fig. 7.
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Fig. 2.View of chips fof=0,025nmr* Fig. 3. View of chip foff=0,025nm ™

Figure 2 shows short compact helical chips. Figwte3@vs a view of part of a single
compact helical chip at 35x magnification. We cdsayve internal and external chip’s
surface and characteristic phenomena when chipuiding. Also is visible a lot
of discontinuities on internal surface which aressd by creating a build-up on the cutting
edge during machining.
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Fig. 4. View of chips fof=0,0Immr™ Fig. 5. View of chips fof=0,0Immr™

For f=0,0Imm™* received different chip’s shapes (Fig. 4). Frommpact helical chips
through open helical chips to arc-related chips.

On figure 5 we can observe in 35xmagnificationteofadifferent kind of chips in one
removed element.



Behaviour of Elasto/Visco-Plastic Workpiece MateBaring Machining 109

Fig. 6. View of chips fof=0,005mmr™ Fig. 7. View of chip foff=0,005nm ™

For f=0,005mm#7" received different chips shapes (Fig. 6). Fronewcshort chips to
arc-related chips. Figure 7 shows a view of part aofsingle arc-related chip at
35x magnification. Numerous collapse chips areblasi

2. MATHEMATICAL MODEL

Qualitative modeling can be used to analyze thegs® of plastic flow of the material
at anytime during the process. Also allows to deieing the effect of tool geometry, the
conditions of friction in the contact area on thates of displacement and material
deformation. In addition, the results of numeriaahlysis confirm the validity of their use
due to the large convergence of simulation reswilis experimental results. This is due to
the development of new, more accurate material ndeiscribing the growth components
of the stress tensor for the deformation and elasdco-plastic E/V-P) bodies, which takes
into account the different phases of the cuttingcpss like elasto-plastic, stress, cracking,
complete separation, and the iterative methodslieegshem. In these models, new models
of stress plasticizing were used. This makes pibsigib to calculate the state of stress and
strain in the different phases of the processuitioly the time value of strain relief. It is
a modern approach requiring continuous developmAntletailed description of the
mathematical and physical model and its applicatiom ANSYS programme were
described in [8].

While using numerical methods typically two methadsnaterial models [9],[10] are
used. The first is Johnson-Coak@) model and the second is Zerelli-Armstrong motel.
this paper Cowper-Symonds material model of th&lysgess is used. There are few works
which describes the behavior of the material dugimgcessing using this model. After
detailed researches, its use on a larger scalatedt by the author and colleagues
[11],[12],[13],[14].
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For general considerations the material model eatxihgpelasto/visco-plasticH/V-P)
properties, with a mixed module of empowerment.ejpdted the principle of decomposition
of stresses and strains can be represented by paj@teorheological schemes. The total
strain tensor we can spread on the elastic, visemas plastic part. Elastic deformation
is reversible, while the viscous and plastic doest disappear after removing the load.
Sticky and plastic deformation are coupled andlmamronsidered together. It was assumed
that for elastic part is valid Hooke's linear relaship, while the visco-plastic part is
designated from associated flow rights with nordméHuber-Mises-Hencky H-M-H)
plastic conditions.

Turning is considered as a geometrical and physicalinear initial and boundary
problem. The analytic solution of this problem likketermination of states of deformations
and stresses in the any moment of duration of tieegss is impossible. Therefore this
problem by finite element methodrEM) was solved. Application was developed in the
Ansys/LS-Dyna programme, which makes possible aptexntime analysis of the states
of deformations (displacements and strain) andsstie surface layer of object at/after
turning.

For typical time step tt+At, the equation which describes the movement and
deformation of the object investigated on the tgpistep time, in updated Lagrangian
formulation, has the following form:

M - A¥ + C; - Ai + (K; + AK;) - Ar = AR, + AF + F; (1)

where:M— global system-mass matrix at tie
C.— global system-damping matrix at time
K — global system stiffness matrix at time
AK — global system stiffness-increment matrix at tie@ gt,
F— global system internal and external load vectdinzet,
AF- global system internal load increment vectohatstep/t,
AR;— global system external load increment vectotegi 8met,
Ar— global system displacement increment vectoregit sinet,
Ar—global system velocity increment vector at stepetilt,
Air—global system acceleration increment vector gt tshee At.

This equation is not solvable due to number of omkms exceeding the number
of equations.

For the purpose of the solution of the equation {i¢ Dynamic Explicit Method
(DEM), also known as the Method of Central Differeneess used. In this method, an
approximation by the central—difference methodlieen applied to expressandi vectors
using the displacement vectors at moments4t, t, t + At:

b L t4At  t—At
i = o (e -yttt @

't — ﬁ_ (rt+at — gt 4 pt=At) 3)
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It was accepted in the simulations that the custer non—deformable body, but it can
be elastic body as well for precise calculationkilevthe object is an elastic/visco—plastic
body, which yield stress is described with the afl Cowper—-Symonds model
[1],[2],[11-14].

Specimens were fixed from the bottom while the exidt edge has moved with
specified speed iX-axis. The model takes into consideration the ls@ropic (n = 1)
kinematic(n = 0) or mixed(0 < n < 1) plastic hardening as well, as the influence of the
intensity of the plastic strain rate, accordinghe involution dependence:

P

oy = (O’O +n-Egn- ei(p)) . [1 + (‘T>]m [MPa] 4)

where:gy— yield stressg, [MPa]- initial yield stress point,
eP[-1,£® [s1]- intensity of true strain and plastic true straite respectively,
C [s~1]- material parameter to determine the influencihefintensity of the plastic

strain rate,

m = 1/P— material constant determining the sensitivenéssaterial on the plastic
strain rate,

E..n = E7E/(E — E;)— material parameter dependent of the module stipla
hardening,

E; = aay/aef”)and of Young’s elasticity modulé.

Parameters used in numerical calculations depefirdedmaterial. For every of them
were different. All parameters and coefficients #dCr4 steel were taken from: Ansys
User's Guide [3] — (Poisson rat Young modulust, material densityp), specialist’s
articles, e.g. [4] which describes how to deternihmeC, P parameters, and own researches
e.g. how to determine the value of failure stiginyield stressk, from tensile test.

3. NUMERICAL SIMULATIONS

In the case of a correct machining model, differandeling techniques are required
[9],[10]. Besides the analytical and mechanisticdele van Luttervelt and others [7]
described descriptive models, prediction and safded. In the numerical solutions
of plastic deformation in the machining zone arereasingly used elasto/visco-plastic
models [16]. This model was used in simulationghat work.

The biggest problems in modeling of machining psses occurs during analysis
of the phenomena in contact area, which are negessgredict product quality energy
consumption and tool life. Physical phenomena cawogirduring the above processes are
very complicated (non-linearity of the process, toenplex dynamics of the process, the
variability of stress and strain fields, fracturetbe material). In the models which are
published contains considerable simplification, abhin many cases do not cover these
issues.
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Tensile tests of cylindrical steel samples are s&ay to determine characteristic
guantities of materials (e.g. value of limitingests). Limiting stress means that above this
value material will be cracking and separating fribra body. Material parameters defined
below will be used as input data in ANSYS/LS-Dynmagramme. Precise determination
of these parameters will greatly increase the piati of the results of computer
simulations. In numerical simulations was usedtelasco-plastic €/V-P) material model
(CowperSymond’s model).

1.3. CONDITIONS OF TENSILE TEST AND RESULTS

Tensile tests were carried out on steel shaftCr4)l which underwent according
to PN-EN10002-14AC1 standards. Cylindrical and normalized samplesewarade
to determine all material characteristic.

From three-stage samples directly determined aten@ characteristic (e.g. limiting
value of stress and strain) for equation= K (dependence between stress and strain).
After tensile test we can designateoefficient (hardening coefficient):

ln(bﬁ.lC_O.l_B) n( 19,8 20 2246 )
b l l 50950
= N = T L] = 01694 (5)
In ln<%) ln[%]
e ln( 20 )
ln(lCO)
andK coefficient (strength coefficient):
Fmax 164000
K= 7020952 — 938 MPa (6)

709052 " 20

] ic —
bco'go'%"lnﬁ 19,8:307,9:

Received graph’'s dependency was implemented intdSYABI program in order
to create the correct numerical analysis of teriegé

1.4. NUMERICAL VERIFICATION OF MATERIAL MODEL

In order to verify the material parameters wereigaesl numerical analysis of the
tensile test on standardized cylindrical specinfeninput data to the simulation used data
from the experiment.

Figure 8 shows the breaking @¥ steel samples during tensile test. Numerical
measurement of the length of measurement partfadieture were carried out. Length from
the numerical measurement equals 1dya@5Length from the experiment equals 1488
Results are consistent with each other at the fasgnice levela=0,05. This demonstrates
the correctness of the model and numerical appicst
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Fig. 8. View of broken sample

1.5.SELECTED RESULTS OF COMPUTER SIMULATIONS OF MACHING

Computer simulations were performed for identicqalgess parameters that were used
in experimental researches. The resulting shapekip$ from computer simulationSEM)
were compared to the shape of experimental chipstelwas similarity of their shapes and
deformation in characteristic areas.
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Fig. 9. View of arc-related chip
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Figure 9 shows arc-related chip fe0,005mm47*. This chip and that from experiment
are similar. Similar situation exist in numericahalation of machining fof=0,0Imm47*
(Fig. 10). During simulations observed several kaicchips. From compact helical chips
through open helical chips to arc-related chips.
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Fig. 10. View of different chip shapes
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Fig. 11. View of helical chip
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Figure 11 shows short compact helical chip. FigRrefiows a lot of segmental chips.
It is characteristic for the small value of feeat, €&xampleg=0,0Imm#7*. Also is visible a lot
of discontinuities on internal surface which aressd by creating a build-up on the cutting
edge during numerical simulations of machining.
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Fig. 12. View of segmental chips

4. CONCLUSIONS

Despite many years of development of numerical ysmalmethods of elasto-plastic
objects with variable loads noted in some studisggaificant simplification especially in
national papers. Introduces a significant simgificn of the applied theoretical model and
simulation. The geometrical and physical nonlinga@nd consequently are ignored. It is
impossible to analyze physical phenomena with éogiired accuracy. The influence of the
dynamic properties of the material (e.g. plastiaistrate effect) are omitted.

In this paper, process was considered as physidagj@ometrical non-linear problems,
without known the boundary condition in the contaone. For this case a variational
formulation in the updated Lagrangian formulatior @dequate description of the measure
increments of stress and strain states were udaid. approach helps to explain many
phenomena in any place and at any time during taehming process. There are still
unsolved issues, and their explanation can not qgnlyperly designed so complex
machining processes, but also to predict the quadithe product.

Simulation studies have shown the possibility afeéasting the shape of chips for
defined technological parameters. For exampleg$0r005nm#7* received arc-related chip
(Fig. 9) but forf=0,0Imm47* received a lot of segmental chips (Fig. 12).
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The results of numerical calculations have beerfitnad experimentally. Shapes
of chips obtained were very similar. It therefoeems appropriate to carry out computer
simulations to study the physical phenomena exstirthe material machined.
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