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FEATURE-ORIENTED PROCESS OPTIMIZATIONS

The example of structural and parametric optimization of the functionally-oriented technological process
machining of mold’s parts is described in the article. The most essential criteria of optimization are
wearproofness, fatigue strength, contact stiffness and corrosion resistance of production. In the article
the brought methodology over of researches and algorithm of optimization.
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B.CTYITHULIKUI
OYHKIIMOHAJBHAS ONITUMM3ALIUS IPOLIECCA

B cratbe omnmcaH mnpumep CTPYKTypHO-IApaMETPHYECKOW ONTHMHU3ALUHM  (DyHKIHMOHAIBHO-
OPHEHTHPOBAHHOTO TEXHOJIOTHYECKOTO Tpolrecca o0paboTku geraneid mpecc-popmel. Hambonee
CYILICCTBEHHBIMU KPUTEPUSIMH ONTHMM3ALMU SBJISIOTCS H3HOCOCTOMKOCTb, YCTAJIOCTHAs HMPOYHOCTb,
KOHTAaKTHAsl JKECTKOCTh M KOPPO3MOHHAsI CTOMKOCTh HPOAYKLHU. B cTarbe mpuBeaeHa METOROIOTHUS
HCCIICI0BAHUH ¥ JITOPUTM OITHMHU3ALUH.

KuaroueBbie  c10Ba:  (yHKLMOHAJIbHO-OPUEHTUPOBAHHBIM  TEXHOJIOTMYECKUI  mpolecce,
ONTHMHM3ALHsA, M3HOCOCTOMKOCTb, OCTATOYHOE HAMPSDKEHHE, KOHTAKTHAs JKECTKOCTh, KOPPO3HOHHAs
CTOHKOCTB, K03 duruent tpenus, CAF-cucrema.

B.CTYITHULIbKA )
ONTUMI3ALIIA TPOLECIB, OPIEHTOBAHA HA ®YHKIIIi

VY crarTi HaBe[EHO MPHUKIA]] KOHCTPYKTHBHOI Ta MapaMETPHYHOI ONTHMI3amil (yHKI[OHAIBHO-
OpIEHTOBAHOTO TEXHOJOTIYHOro mpouecy oOpoOkm neraneil npec-¢popmu. HaliBaxmBimmmu
KPUTEPISMH ONTHMIi3allii € 3HOCOCTIMKICTh, BTOMHA MIIHICTh, KOHTAKTHa >OPCTKICTh i KOpO3ilHa
CTIHKICTh BUPOOHUIITBA. Y CTATTi HABEIEHO METOAOJIOTIIO JIOCII/PKEHb Ta aITOPUTM ONTHMI3aLil.

KarouoBi ciaoBa: (QyHKIIOHANBEHO-OPIEHTOBAHMI TEXHOJNOTIYHUHM IPOIEC, ONTHMIi3alis,
3HOCOCTIHMKICTh, 3aJMIIKOBI HANpPYKEHHS, KOHTaKTHA JXOPCTKICThb, KOPO3iiHA CTIHKICTh, KOe(illieHT
tepts, CAF-cucrema

Introduction. The systems approach to technological ensure efficiency
components based on the one hand, the evaluation of parts quality indicators that
characterize their geometric shape, surface layer microstructure and its physical
and mechanical properties (including residual) based on technological factors and
other hand, the forecasting measure parts properties (wear resistance, the contact
stiffness, corrosion resistance, etc.) depending on their quality. Obviously,
providing only some local indicators of quality products not guarantee optimal
measure properties of the product as a whole. It is therefore necessary to design
functional- oriented process, based on the analysis of a set of interrelated
operational measures of the product.
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Manufacture of various parts of dies and molds is extremely difficult in modern
engineering. This is due to their high accuracy, low roughness of the functional
surfaces, significant temperature changes during operation (to 500-700°C), difficult
workability of these parts material, high frequency and intensity of cyclic and
alternating loads more. Particular attention to the operation of molds are ejectorP. As
described in [1] statistics bounce functional parts and assemblies molds, pushing the
system accounts for 25-30 % of all failures at work and breakdowns of these
productP. This is due to high-frequency complex thermodynamic operating
conditions ejector, cooling problems, combined with their non-rigid structure ( ratio
of length to diameter in the range of 15-20 ), the requirements of superdense mobile
connection tightness, wear resistance, fatigue strength and high manufacturing
quality (precision size - 5-7 I1SO accuracy degree, functional surface roughness - 0.2-
0.8 microns, etc.). The working surface of the mold insert with ejector form a joint
that can roll over. During this period numb molten metal, forming fin on the casting
surface. Therefore, the gap between the ejector and the hole in the ear performed
within 0,08-0,1 mm. On the other side, this gap should be the maximum, it depends
on the use of materials for inserts and ejector fabrication, casting material,
temperature, pouring temperature heating molds, liquid metal flow rate, specific
pressure on the walls of the working cavity and other factors [2].

In this example ejector is made from the high-alloy low-carbon steel 316L.
This design element is subject to intense wear and alternating power and thermal
loads during operation, which combined to cause loss of use of molds in general.
Therefore, the most important measure properties ejector is wear resistance,
contact stiffness, fatigue strength and corrosion resistance. The above measure
properties depend strongly from parameters such as surface layer microstructure,
functional surfaces microhardness (hardness of the surface layer ), character and
depth of the residual stress and deformation.

Measure as a working surface formed mainly at the final stage of the process
manufacturing ejector comprising finish turning and smoothing diamond shapeP. It
is the final stage of manufacturing ejector investigated in part in this example.
Principles of functional and process -oriented indicators formation of a product
intended to for given values of quality parameters of the finished part, known
range of values of the original piece and given information about their
transformation, technological heredity and mutual influence in the formation of
functional surfaces to develop the most efficient technological process to ensure
the optimal combination of product quality parameters

Main part. Consider the implementation of 2 version workflow handling
most accurate cylindrical surface on finish operation.

—1-st variant. Finish grinding by the abrasive wheel.

—2-nd variant. Fine turning tool with synthetic polycrystalline diamond -
carbonado (as an example, suggested the use of PCD universal mark - CTM302
ElementSix [3]).
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To determine the basic measure criteria functionally-oriented technological
process mold ejector machining, it is necessary to analyze the mechanisms of
formation parameters durability, fatigue strength, corrosion resistance and so on. To do
this, CAF system simulation rheological model of formation of base surfaces ejector
and identify indicators of stress- strain state (including residual ) parameters
mikrotopolohiyi surface and its structural and phase state as a result of cutting [4,5].

Featured [6] geometrical parameters for sharpening cutters with PCD y =

15-20°, @ = 10-12°, ' = 0,3-0,5 mm. Tools with circles sharpen PCD ACB
100/80-50/40 TO2 50% with the use of lubricoolant containing water as coolant
soda solution. After bringing sharpening is performed by iron discs, overact
diamond powder ACM 40/28-28/20. The model implemented within the system
Deform-2D, use: type of modeling - Lagrangian Incremental (Lagrangian
Analysis) with gradient mesh (ratio - 0.1 mm); shows the geometry of the object
modeling - Plane Strain; object type modeling: workpiece - Elasto-Plastic; tool -
Rigid; iterative method for solving problems - Newton-Raphson; condition of
convergence calculation - Conjugate-Gradient Solver (combined gradient method
); condition vyield stress - Generalized Johnson & Cook Model; criterion
destruction - Normalized C & L Fracture; model of structural phase machinings -
Avrami model.

Results of simulation of rheological modeling are shown in Figure 1.
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Fig.1-Results of the rheological modeling machining mold’s ejector by tool with
synthetic polycrystalline diamond CTM302. a - effective stress; b — effective strain; c -
temperature in the cutting zone; d — shear stress; i-f - picture structure and phase state of the
surface after machining.

Microprofile finish surface, which determines the value of its roughness,
formed by vector addition of three components: the microscopic height derived as
a result of copying the cutting wedge tool considering its kinematic characteristics
of motion (A;), microscopic height, which is determined by fluctuations in the
elements of the cutting tool (A,) and the component profile roughness caused by
plastic deformation in the contact zone of tool and workpiece (As).

Geometric-kinematic component of roughness A; under the conditions:

@>arcsin(%,) i ¢, >arcsin($,) after transformation in Chebyshev equation [7]:
~S§* 0,05
' 8 805
Method of determining the microscopic of roughness height, which is
determined by fluctuations elements of the cutting tool (A;) is written in [8].
Moreover, the nonlinear dynamic model of self-oscillation technology system
allows for regenerative mechanism of excitation of vibrations when moving the
tool along the workpiece surface formed by the previous machining (Ra;j;=5
microns). In the model the cutting force depends on the geometrical parameters of
the tool and mechanical properties of orthogonal cutting:
MK+ K, X+Cyx =1, -S; x

x b1+S‘—2‘1 1+sin[%—zj M
16r S, 2)))sinp-cos(B+n-7) 2

My+KYy+ny:rxy~Si><
2 i —

x b1+£ 1+sin mx _x Y sin(n )
16r S, 2 sinB-cos(B+n-y)
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Surface microrelief in the transverse direction is modeled by imposing an
array of tool motion profile in terms of its summit, which describes an arc with
radius R. In this case [9]

A, =2A,,, —H; =2-0,00027-0,00015=0,00039 mm=0,4 mxm (3)

where A = ZXZ ————H, - maximum amplitude of
JI7 +x—mp?e’ ¥ + 12, p’o
oscillation tool, determined in solving the differential equations of the tool motion;

J? - radial stiffness of the technological system, N/mm; (y - coefficient depending
on the specific machining conditions; m - reduced mass of the moving system, kg;

m:g—8=167,5 rad - cyclic frequency of the main  motion;

H, . :%:0,0025 mm - amplitude of surface irregularities resulting from

6_i

implementation of previous technological machining.
It is the top of the tool in this technological machining step:

CR—(Rer)os¥ i —((Rrysin¥) -
H, . =R-(R r)cos2 Jr ((R r)smzj =

:0,85—(0,85—0,5)cos¥— ()

2
—Jo,52 —((0,85—0,5)sin ) =0,00015 A

Where central angle tips:
2 2
= arccos 1—8—2 = arccos l—L2 =0,143 pao 5)
2(R-r) 2(0,85-0,5)
Component profile roughness caused by plastic deformation in the contact
zone of tool and workpiece A; determined from the [7] under the conditions:
@ >arcsin(%,) and @ >arcsin(%,) .

0,143
2

- |2+l
T, +0 2 T, +0
A, = =
64
i 992 | 2.0,05+ 05|, 992
\/9922 +10992 2 9927 +1099?
=0,0001 mm

64
where t,, - dynamic shear stress, MPa; o - effective mean stress, MPa.
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So, in this case the average value of the roughness derived as a result of
copying the cutting wedge tool considering its kinematic characteristics of motion
(A;) constitute 55,5%, microscopic height, which is determined by fluctuations
elements of the cutting tool (A,) — 34,7% and the component profile roughness
caused by plastic deformation in the contact zone of tool and workpiece (As) -
9,8%, respectively. Thus, the result Ra=0,625+0,39+0,13=1,125 mic
corresponding specifications drawings (set Ra =1,25 mic).

In Fig.2 is shown the picture of residual stresses rheological modeling as a
result of finishing lathe machining mold’s ejector tool with synthetic
polycrystalline diamond CTM302. These stresses exponential decrease as a result
of thermodynamic relaxation with increasing distance from the top of the cutting
wedge along the machined surface. The depth of plastic deformation is based on
solving of the Prandtl problem [7].

The curve of residual stresses | type (Fig.2) shows an interference pattern
manifestation fluktatsiynyh stretching (temperature and friction) and compressive
(force) loadP. Average values the of residual stresses in the zone of thermal
stabilization (at about 100°C) will be approximately 170 MPa for machining the
workpiece ejector manufactured from steel 316L by tool with synthetic
polycrystalline diamond CTM302.

Steel 316L has high viscosity due to the low carbon content. In the annealed
steel contains about 12% soluble carbide M6P. Hardening steel in oil at a
temperature of 1050 - 1100°C dissolved in austenite is about 7 % of carbides,
enriching it with carbon, tungsten and chromium.

1000

950

y =-0,0075x" + 0,4837x* - 10,34x" + 97,2532 - 414,21x + 825,32
R? = 0,9525

Gres 1= 170 MPa

Residual stress | type, MPa

10¢
Graphical interpretation of the
S0 rheological simulation modeling results

1 2 3 s s 6 7 8 9 10 1 12
Control points of the stress analise

Fig.2 — Graphical dependence of residual stresses | type, resulting in rheological
modeling technology finishing lathe mold’s ejector machining by tool with synthetic
polycrystalline diamond CTM302
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After quenching structure consists of alloyed martensite, 5% excess carbides
and a small amount of residual austenite, HRC 48-50. After tempering at 600 -
620°C structure consists of troostyta and 5% excess carbides, HRC 38-44. Carbide
M6S coagulates only at temperatures above 600°C that provides high red hardness
and heat resistance. Thus, if the machining of hardened steel 316L parts a
martensitic structure in the surface layer, there will be a of martensite-austenite or
martensite-troostite structure, then treated will create conditions of residual tensile

stress since 1—& >0.
o)

Structural volume austenitic phase £, was determined from the joint
modeling of thermal fields and structural phase machinings using the Avrami
equation [10]:

QAzl—exp{—k-r"} (6)
where {, - volume fraction of austenite phase formed by machining; k and n -
kinetic parameters calculation which takes place from the kinetic diagrams of
austenite decomposition [11]; t - cutting time.

Thus, the modeled stress-strain and thermodynamic state of the cutting area
and with empirical coefficients v, ,w, ,w,,, w4, , v, [12], you can make a simulation
of residual stresses Il type in the environment Deform HT 2. We can use the
coefficients in Maggie equation:

Gy =1-exp{0,025T —0,002315,, —0,0033145 5,35} @
Average values of density py formed by the impact force and thermodynamic
factors finish cutting of the polyphase structure is equivalent density p; different
phases according to their percentage ¢;. That is:
. | J1-¢,,(I
o,(N=E, (1_ Pu G (D0 (1760 )]J
P

where o4(l) - the value of residual stress Il type of depth I (mic) of their
occurrence on the treated surface; Eyy = 224 - Young's modulus of 314L steel, GPa

According to the results of rheological analysis (Fig.1) on the workpiece
surface the volume phase is ¢,, =0,45...0,47 (45-47%), denying the formation of

"white layer". According to the calculations (12) ¢,, = 0,395 (39,5%):
Cu =1—exp{0,025-330—0,002315- 620—0,003314-594—5,35} =0,395

The error of simulation and design value does not exceed in this case 12,5%,
which is quite receptive to confirm the adequacy of modeling.
Thus, the value of residual stress Il type is just o, , ~55MPa. This is

primarily due to the low temperature in the cutting zone, which does not contribute

®)
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to the phase transformation and, consequently, does not produce significant 11 type
residual stresseP.
Degree libel can be calculated by the prof.Silin empirical equation [13]:

N =40h T °™ = 40.0,12-580°™ = 0,049 (9)

where h = 0.12 mm - depth of the strain hardening, determined by the results of

rheological modeling of technological machining, mm (Fig.1); 7=580°C - the
temperature in the cutting zone when working tool with synthetic polycrystalline
diamond CTM302 (S = 0,05 mm; t = 0,12 mm; V = 50,2 m/min).

The value of the degree of work hardening in the case the finishing lathe
machining ejector by tool with synthetic polycrystalline diamond CTM302 not
relatively large, becous depth of cut is small (t = 0,12 mm) and temperature in the
cutting area is relatively low (T ~580°C ). According to experimental results [13]
for grinding stainless steel 316L importance degree defamation is N =0,5...0,6
which having a significant negative impact on the operating conditions of molds partP.

According defined in [14] algorithm structural and parametric optimization of
functionally -oriented process ejector machining, should be implemented step of
calculating local criteria - the wear of functional surfaces in terms of the potential
operation of the product, depending on the variable structure parameters and
functional- oriented process of forming most loaded surfaces of the product. It is
important to formulate the initial conditions for the subsequent calculation: A fully
conjugated wear two bodies in a stationary ( steady ) mode of dry friction or
boundary; subject to wear ejector mold: the body - hard and rough; coupled guide
bushing is taken as smooth and deformed counterbody; rated pressure, speed and
temperature sliding friction constant in time and uniformly distributed over the
contact surface.

Table. 1- Comparative table of analytical and experimental studies results of finish
machining mold’s ejector

The results of

analytical studies in | Of average results of experimental and
the system industrial research ("Interterm Ltd")

Deform2D

DIA diamond
grinding around
125/100 M5-2
(machining rates V.

Finishing lathe cutting tool with
synthetic polycrystalline diamond
Parameters CTM302
(machining rates: S = 0,05 mm;

t=0,12 mm; V = 50,2 m/min) r:n?lsm/—syst :ql?n?rl\)
) n =
= é o Ra, mic 1,125 1,29 1,22
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Aq, mic 0,625
Ay, mic 0,39
Az, mic 0,13
Rpk, mic 0,30 0,28 0,43
Rk, mic 0,75 0,84 0,61
Rvk, mic 0,12 0,17 0,18
Rmax - 2,0 2,2
r - 35 20
b - 2,0 1,29
v - 1,7 1,9
R max
A= — - 0,024 0,096
rb”
=
S B
29 tc, ,, MPa +170
e i

Mark "+" implies on the treated surface of the workpiece residual stresses of compression, and the
mark "-" - tensile residual stresses
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Sequel tabl. 1

*o, ,, MPa -5
+o, , MPa +165 +143 -130
§ Depth of
g hardening h_, 0,12 - -
2 mm
(<5}
o
=
=}
i)
! Level of
o hardening, N 0,049 0,06 0.5

In terms of elastic contact intensity of wear depends on the topology
mikroheometrychnyh characteristics conjugate surfaces (b, v, Rvk, Rpk, RK,
Rmax, tm), mechanical properties (o,, o, o2, E, p), coefficient of friction f,
fatigue characteristics and pressures t: nominal - Pa and contour - Pc.

A - Coefficient taking into account the influence of surface residual stresses
on wear intensity (provided that the limit of fatigue strength for steel 316L -
0,=1530 MPa; t,=3- coefficient of friction fatigue in elastic contact surfaces is
given:

- for turning
1530143
=== —0,75 10
& ( 1530 ] (10)
- for grinding
;, —[1530=(-130) s a
- 1530 o

The intensity of wear on the product under given conditions of operation in
the case of the second option and process of manufacturing this product, we can
write [15]

_06(1-4°)-P -4 12

Ihi_ﬁ(viz—1)~K2-E-n
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Then a relative measure of durability K ( I, ) that characterizes the change in

the wear rate depending on the state of functional surfaces arising from the
implementation of different variants of structures and process parameters is given

by:

[ 0,6(1-u?)-P, -4, ]
L, W (F 1)K En |, (vE-1) 4

K()=1"= 06(L i) P | A% )4 (13)
[ﬁ(vi—l)K[En}

where v; - parameter curve fitting step.

Comparing finishing lathe machining ejector by the tool with synthetic
polycrystalline diamond CTM302 (cutting conditions: S = 0,05 mm; t = 0,12 mm;
V = 50,2 m/min) and its grinding by the diamond wheels DIA 125/100 M5-2
(cutting conditions Vc = 31 m/sec, t = 0,01 mm, Sn = 6 m/min), we obtain a

relative measure of durability K(I,):

JL9(1,9°-1)-0,75

T, JL7@L7-1)12r

That is, as a result of changes in the structure of the process of finishing
machining ejector wear functional surface increases about 14% due to changes in
the prevailing surface microstructure and changes in the nature and nominal values
of residual stresseP.

Among the important measure factors of the ejector should be noted relative
measure of fatigue strength. As stated in [14], the overall impact to the safety
factor in fatigue strength with a number of design and technological factors:

effective stress concentration factor (n,, ); coefficient of influence of geometrical
dimensions of the parts (n,,); influence of surface hardening coefficient (n,, );
coefficient of influence of surface roughness (n, ;) and coefficient of influence of

residual deformations resulting from machining parts (,, ). Moreover, only the

last 2 figures depend on the quality of the surface layer of formation which is a
consequence of the structure and parameters of the process of its machining.

Factor influence surface roughness functional ejector if it is a finishing lathe
cutting tool with synthetic polycrystalline diamond CTM302 can be defined by the
Stepnov equation [16]
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o 1530
n,,=1-0,22-gR__ -1 ¢ 1-1(=1-0,22-1g2,0-| lg| —— |-1|=0,94
6R_1 g max {g(zoj ] g [g[ 20 j ]

Similarly, this coefficient for the case of grinding ejector is:

o 1530
n =1-0,22-lgR__ - | £ 1-1(=1-0,22-1g2,2-| lg| —— |-1|=0,93
6R_2 g max [9(20) j g (g( 20 j ]

Factor influence functional surface residual stress 7, in case of the
finishing by lathe cutting tool with synthetic polycrystalline diamond CTM302 is
determined by the interference dominance residual stresses first and second type
for compression o,,c, and tension o ,,c,

6l Y 6ll 6l ' 6ll

o +(oy +ou) _780+143

n = =118
o1 o, 780

where 9-1= 780 MPa - tensile strength of the material when tested in tension-

compression cycle for outzero load, which is typical for ejector working [17].
When grinding ejector mold by the around diamond DIA 125/100 M5-2:

o o, -(0y+0,) _780-130

=0,83
-2 o, 780

The other coefficients do not depend on the quality of the surface layer and
therefore will not be important for structural and parametric optimization process
machining ejector for functionally-oriented criteria.

Then a relative measure of fatigue strength K (n_, ), which characterizes the
change in fatigue strength safety factor depending on the state of functional

surfaces arising from the implementation of different variants of structures and
process parameters is given by:

n n n .
K(n,)= ot ey 094418, 4 (14)
n 1.2 nBR72 'ngzg 0193'0,83

That is, as a result of changes in the structure of the process of finishing
machining ejector surface functional fatigue strength increases about 43% due to
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changes in the prevailing surface microstructure and changes in the nature and
nominal values of residual stresseP.
Measure of corrosion resistance in a volume equivalent z, determined

taking into account the fact that the decrease in mass per unit area to be
- t . .
permissible value Am = (Rpk,,, +Rk,,)-1-k, - In(—+1j. In this case, approximate
T

interaction of rough surfaces in the form of a spherical contact surface and a planar
plastic half-space by the Ishlinsky method [18]. Then a relative measure of the

speed of fretting corrosion K(7) is given as:

t
o\ am (Rp&4-R&)J~kOJn(;+1]
()= =am, ™ t (15)
mz AM (Rpk +RK,)-1-k, -In[7+1j

T

_ (Rpk,+Rk;) 0,28+0,84
(Rpk, +Rk,) 0,43+0,61

=1,07

That is, as a result of changes in the structure of the process of finishing
machining ejector intensity fretinh corrosion-functional surface increases about 7%
due to changes in the prevailing surface.

As one of the most important criteria of efficiency of mobile connections is
adherence to fluid friction between surfaces conjugated components by providing a
minimum thickness of liquid friction in the contact zone, relative rate coefficient of

reliability of mechanical systems in liquid contact mode K (S) is given;

huni  ke-Rvk,  Rvk, 0,17
h.., ks-Rvk, Rvk, 0,8

K(S)= = 0,94 (16)

min_2

Tribological quality conjugations by the energy losses due to friction in the
conjugate surfaces of machine partP. The relative index K ( f ) , that characterizes

the change from the coefficient of friction in the conjugated tribological pair
depending on the state of functional surfaces arising from the implementation of
different variants of structures and process parameters is given:

R max,
rblj/"l

, R max, \l 0 09
rbll/V1
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Calculation non-standardize local criteria optimization qualimetric indicators
for finishing lathe machining functional surface ejector by the tool with synthetic
polycrystalline diamond CTM302 for this example is in relative terms durability
Q1 = 0,28; safety factor for fatigue strength Q2 = 0,30; the parameter
tribotechnical as conjugations Q3 = 0,10; parameter for corrosion resistance Q4 = -
0,14; safety factor for liquid contact Q5 = -0,17. Finally, a generic optimization
criterion, determined by the method [14] is F =0,383. As in this example

compared only 2 options of technological processes, generalized optimization
criterion for the case of functional surface grinding ejector around diamond DIA
125/100 M5-2, the amount accordingly F, =-0,383.

Conclusion. Thus, the variant of finishing lathe machining functional surface
mold’s ejector by the tool with synthetic polycrystalline diamond CTM302
compared to grinding diamond wheels DIA 125/100 M5-2 is more optimal for
qualimetric integral indicator system characterizes wear resistance, fatigue
strength, quality of the tribotechnical conjugations, corrosion resistance and ensure
the option of carrying capacity lubricant layer and is obtained as a result of the
formation process of forming microstructure surface layer, residual stresses and
strainP.
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