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A
AISI 1045 steel, 139
CCT diagram of, 156
AISI 4137 steel, 198
AISI 4140 steel, 152f, 153f, 157
chemical composition of, 197
cooling time of, 173¢, 175
AISI 5140 steel, 16
AIST 60S2A steel, 139, 140¢
aqueous polymer quenchants, cooling capacity of, 172
aqueous salt solutions
and alkalis solutions of high concentration, quenching
in, 127
use of, 145-146
arrays of round nozzles (ARN), 67
austenite
isothermal decomposition of, for three classes of steels, 4f
lattice parameters of, 5f
austenite-martensite transformation, 4
austenite—pearlite transformation, 4
austenitizing temperature versus carbon content in steel, 3f
automotive parts, 192
ball studs, 197
coil springs, 192-196
leaf spring samples, 196
torsion bar samples, 196-197
universal joint crosses, 197-198

B
ball studs, 197
batch quenching, 180-182
batch-type 10 equipment, 191-192
bearing rings, computations for, 112-113
Bessel function, 79f, 80, 80f
Biot number, 2, 34-35, 77¢, 78t, 93, 103-104¢
and Grossmann H value, 170
and Kondratjev number, 86
boring pipes and locking connections, quenching, 165
boundary liquid boiling layer, formation of, 124-126
bubble parameters and dynamics, 24
surface properties, 25-30

C
CCT (continuous cooling transformation) diagram, 4, 7, 74,
124, 152
of AISI 1045 medium-carbon steel, 156
of AISI 4140 steel, 153f
CFD (computational fluid dynamics) analysis, 191
CFD (computational fluid dynamics) modeling, 70-72, 86-88
coil springs, 192-196
cold brittleness, 3
computational fluid dynamics (CFD) analysis, 223-225
conditions of uniqueness, 63
convective heat transfer, 47, 62
boundary conditions, 63-64
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coefficient, 126, 127
discussion, 70-72
equation of continuity, 63
equation of movement, 63
equation of similarity, 64-65
heat transfer equations, 62-63
optimal spatial arrangements of nozzles, 69-70
practical problem solved by direct convection, 70
spray cooling, 67-69
sprayers with slots, 69
in water flow, 65-67
conveyor lines and quenching processes design, 175
speed of conveyor, calculation of, 177-178
speed of rotation, calculation of, 178-180
conveyor speed evaluation, generalized equations for, 225-227
cooling (or heating) factor, 91
cooling capacity of oils versus aqueous polymer solutions,
172-175
cooling chamber, for intensive quenching, 133¢
cooling characteristics of quenchants, determination of,
210
method and software for, 216-218
cooling implementation, apparatus for, 144f
cooling media, cooling capacities of, 177t
cooling time calculation, 74
for bodies of simple shape, 75
finite cylinder, 84-86
one-dimensional cylinder, 78-81
one-dimensional slab (plate), 76-78
sphere, 81-82
three-dimensional slab (parallelepiped), 82-84
CFD modeling, 86—88
discussion, 88-89
example of, 102
generalized equation, analysis of, 88
crack formation
during water quenching, 173
effect of pressure on, 126-127
prevention, 181¢
critical heat flux densities, 30, 45
aqueous salt solutions, optimal concentrations of, 53-54
convective heat transfer, 47
determining technique, 49-52
discussion, 59-60
experimental measurements of, 52-53
film boiling, special characteristics of, 57-58
full film boiling, 46
heat transfer during, 54-57
heat transfer, different modes of
during quenching, 58-59
importance of, 47
nucleate boiling, 46-47
Qcri, determination of
under free convection conditions, 48-49
shock boiling, 45-46
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silver probe to determine, 47-48
cryogenic quenchants and special devices, use of, 144-145
cylindrical silver probe, 98f

D

Dante predictive heat treatment software tool, 114
demonstration studies, 192
automotive parts, 192-198
equipment for, 189
batch-type 1Q equipment, 191-192
single-part quenching IQ systems, 189-191
fasteners, 207-208
forgings, 198, 201-203
tool products, 203-207
diffusion-free transformation in steel, 4-6
dimensionless equations, 70
direct convection cooling, 185, 186-187
direct problem, 210
discrete-impulse energy input process, 182-183
dislocation density, 2
draft-tube impeller system, 180-181
ductile-brittle transition temperature (DBTT), 7

E

effective specific heat capacity, 88

engineering tensile strength, 3

EPP-098, 121

equation of continuity, 63

equation of movement, 63

equation of similarity for natural convection heat transfer,
64-65

F
fasteners, 207-208
fatigue, 3
limit, 3
film boiling, 187
special characteristics of, 57-58
finite cylinder, cooling time calculation for, 84-86, 85f
finite element method (FEM) calculations, 108
modeling technique, 225
regular thermal process by, 97
first critical heat flux density, 287
first Kondratjev theorem, 92
fluidized bed quenching, at low temperatures, 142-144
forced convection, 62
forced movement, 62
forging, 198
forklift forks, 203-204
Hoop stresses S33 in, 149¢
intensive quenching of, 147-148
railroad parts, 198, 201-203
sketch of, 147f
temperature fields in, 147
forklift forks, 203-204
Fourier-Kirchhoff differential equation, 62
Fourier law, 74
free movement, 62
FRIEND (Free Identification for Engineers and Designers),
215
full film boiling, 46
heat transfer during, 54-57
fully automated IQ system, 192f
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G

gaseous quenchants at 20°C, thermophysical properties of,
145¢

generalized Biot number, 152

generalized equation, for cooling time calculation, 75, 88

grain boundaries, 2

Grashof number, 64

green function method, 214

Grossmann H value and Biot number, relationship between,
170

H
H-13 steel aluminum die casting dies, case study for,
206-207
Hall-Petch equation, 2
Hart software, 114
heat conductivity equation, 75
heat flux density, 28. see also critical heat flux densities
computation of, 211-214
formation of, 124-126
self-regulation of, 35
heat transfer
coefficient, 26, 50, 62, 138¢, 157
different modes of
during quenching, 58-59
intensification, 157
intensifying processes of, 182
discrete-impulse energy input process, 182-183
rotating magnetic fields, use of, 183-184
during quenching, 30, 31
heat transfer equations, 62-63
high-speed punches and dies, service life evaluation of, 206
high-strengthened materials, achieving, 135-136
high-strength steels, design of, 1
current process examples, 20-21
factors affecting strength and service life of steel parts,
2-3
high-temperature thermomechanical treatment (HTMT), 6
machine-construction steels, 9-10
on mechanical properties of steels, 9
intensive quenching combined with TMT process, 15-16
low-temperature thermomechanical treatment (LTMT), 10
phase transformations, role of, 3
diffusion-free transformation, 4-6
diffusion transformations of supercooled austenite,
34
spring steels, thermomechanical treatment of, 14-15
steel heat treatment, problems arising during, 16-20
strength versus dislocation density in metal, 2f
thermomechanical heat treatment, use of, 10-14
high-temperature thermomechanical treatment (HTMT), 6,
8f, 42, 130
machine-construction steels, 9-10
on mechanical properties of steels, 9
high thermal gradients, 122
high-velocity 1Q system, 190-191
hoop stresses, 147-148
H values, 170, 171f

|
impellers, 182f
industrial conveyors speed, calculation of, 157-158
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industrial quenching systems, design of, 170
batch quenching, 180-182
conveyor lines and quenching processes design, 175
speed of conveyor, calculation of, 177-178
speed of rotation, calculation of, 178-180
Grossmann H value and generalized Biot number,
relationship between, 170
heat transfer, intensifying processes of, 182
discrete-impulse energy input process, 182-183
rotating magnetic fields, use of, 183-184
Kondratjev numbers, calculation of, 170
aqueous polymer quenchants, cooling capacity of, 172
cooling capacity of oils and comparison with cooling
capacity of aqueous polymer solutions, 172-175
intensive quenching, 1
combined with TMT process, 15-16
process variations, 107
intensive steel quenching methods, 151
IQ-1 process, 107, 151-154
1Q-2 process, 24, 107, 154, 185-186
heat transfer intensification, 157
implementation, examples of, 158-160
industrial conveyors speed, calculation of, 157-158
1Q-3 process, 24, 107, 160, 186
absence of nonstationary nucleate boiling, deter-
mining, 160-162
quenching truck semi-axles, application for,
162-165
time to achieve maximum surface compressive
stresses, 162
1Q-4 process, 107, 165-166
1Q-5 process, 107, 166
agricultural machine cutting parts, intensive harden-
ing of, 166-167
calculation results, 167
results, practical appreciation of, 167-168
inverse problems, in quench process design, 210
conveyor speed evaluation, generalized equations for,
225-227
cooling characteristics of quenchants, determination of
method and software for, 216-218
definition, 210
MZM-16 oil cooling capacity, determination of, 218-223
quench process of semi-axles and cylinder-shaped steel
parts, verification of, 223-225
sequential function specification technique versus
regularization method, 215
solving methods, 210
cooling characteristics of quenchants, determina-
tion of, 210
Green function method, 214
heat flux density, computation of, 211-214
mass transfer problems solving, general approach
of, 215
statistical regularization method, 214-215
surface temperature and heat flux densities for
specific steel parts, determination of, 211
thermal properties of steel, determination of,
210211
thermocouples placement, in probes, 211
Tikhonov regularization method, 214
IQLab, 154
isothermal steel quenching, 127-128

J
JIS silver probe, 99f

K
keyway shaft distortions, 187-189
Kh18N9T, 121, 213
Kh18NI10T, 121
Kondratjev form coefficient, 84
Kondratjev form factors, determination of, 95-96, 95¢, 96t,
97t, 98t
Kondratjev number, 92, 103-104¢, 153, 227
and Biot number, 86
calculation of, 170
for Amolite 22 oil, 174¢t, 175¢, 176t
aqueous polymer quenchants, cooling capacity of,
172
for aqueous UCON A solution, 176¢, 177t
for aqueous UCON E solution, 177¢
for Beacon 70 oil, 175¢, 176¢
cooling capacity of oils versus cooling capacity of
aqueous polymer solutions, 172-175
for Houghton K oil, 174¢
KRAZ (Kremenchuk Automobile Zavod), 127

L

Labuntsov equation, 41

leaf spring samples, 196

liquid media under pressure, steel quenching in, 131-133
liquid nitrogen, quenching in, 144-145
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.....

low-temperature thermomechanical treatment (LTMT), 7, 10,
10ﬁ 11ﬁ 42,121, 128-129, 137

M
machine-construction steels, 9-10
martensite, 4, 5f
for intensive and slow cooling, 6f
lattice parameters of, 5
lattices of martensite phases in steel, 5f
start and finish temperature versus content of carbon in
steel, 5f
start temperature point, 6f, 122, 124, 152, 160t
martensitic through-hardening, stress state of cylindrical
bodies after, 108
mass transfer problems, solving, 215
mechanically rotated chute quench systems, 180f
MK oil versus temperature, physical properties of, 224¢
minimum strength, determination of, 2
MZM-16 oil cooling capacity, determination of, 218-223

N

natural convection, 62

natural movement, 62

Newton-Riemann equation, 62

nonlinear wave mechanics, phenomenon of, 137

nucleate boiling, 46-47, 128, 131, 132, 155, 187
nonstationary versus convection heat transfer

coefficient, 158¢

nucleating centers, 27

formation of, 26



numbers of similarity/criteria, 64
Nusselt number, 64

o)

oil-quenched coil spring, 195/

oil quenching, 1

one-dimensional cylinder, cooling time calculation for,
78-81, 79t

one-dimensional slab (plate), cooling time calculation for,
76-178

optimal spatial arrangements of nozzles, 69-70

P

packet martensite, formation of, 139-142
part distortion
distortion study on keyway shaft, 187-189
due to nonuniform cooling, 186-187
due to part geometry, 186
petroleum oils, 1
phase transformations’ role during steel strengthening, 3
diffusion-free transformation, 4-6
diffusion transformations of supercooled austenite, 3—4
Pokel equation, 75
polyalkyleneglycol (PAG) copolymers, 172, 174
practical applications, of intensive quenching methods, 185
IQ demonstration studies, equipment for, 189
batch-type IQ equipment, 191-192
single-part quenching IQ systems, 189-191
10 trials, 192
automotive parts, 192-198
fasteners, 207-208
forgings, 198-204
tool products, 204-207
part distortion
distortion study on keyway shaft, 187-189
general considerations, 186-187
quench cooling rate and part mechanical properties,
185-186
Prandtl number, 64, 65t
pressure control during steel quenching. see steel quenching
production 6,000-gallon 1Q system, 191f
PS-11, 121

Q

Qcry, determination of
under free convection conditions, 48—49
quench cooling rate and part mechanical properties,
185-186
quench process investigations, 37-41

R
R6MS steel, 139
punches after conventional and very intensive
quenching, 141f
railroad parts, 198, 201-203
rank effect, 143
rapid cooling, 151
rapid interrupted cooling, 140, 141
rebar, 20
regularization method versus sequential function
specification technique, 215
regular thermal process, 91
application, to bodies of complex shape, 93-95
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calculation of, by finite element method (FEM)
calculations, 97
discussion, 101
cooling time calculation, example of, 102
Kondratjev form factors, determination of, 95-96
problem to be solved in nearest future, 105-106
standardized probes for evaluation of cooling capacity,
97-101
reinforcing bar. see rebar
Reynolds number, 62
rotary drum screw conveyor continuous furnace, 179
rotating magnetic fields, use of, 183-184

S
SAE 5145 steel probe, 98f
second Kondratjev theorem, 92
self-regulated thermal process, 33-35, 35¢, 38¢, 42, 47, 135,
145
experimental determination of time of, 35-37
semi-axles quenching, 162-164
and cylinder-shaped steel parts, 223-225
sequential function specification technique versus
regularization method, 215
ShKh15, 127, 128
shock boiling, 41-42, 45-46
shock-resisting punches, 204-206
single-part quenching IQ systems, 189-191
speed of conveyor in quench tank, calculation of,
177-178
speed of rotation of usual and screw drums, calculation of,
178-180
sphere, cooling time calculation for, 81-82, 83¢
splined half-axles, computations for, 113-114
spray cooling, 67-69
sprayers with slots, 69
spring steels, thermomechanical treatment of, 14-15
statistical regularization method, 214-215
steel(s)
diffusion-free transformation in, 4-6
heat treatment, problems arising during, 16-20
machine-construction steels, 9-10
mechanical properties of
HTMT parameters on, 9
parts
factors affecting strength and service life of, 2-3
properties vs. cooling rate, 186
strengthening, phase transformations’ role during, 3
diffusion-free transformation, 4-6
diffusion transformations of supercooled austenite,
34
steel quenching, 121
automated process, 131¢
chemical composition, 129¢
under controlled pressure, 121
boundary liquid boiling layer and critical heat flux
density, formation of, 124-126
installation, 122f
crack formation, effect of pressure on, 126-127
heat transfer during, 30
in liquid media under pressure, prospects of, 131-133
quench process under pressure for tools, 130-131
temperatures of phase transformations, 129¢
thermomechanical treatment, 127-130
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steel superstrengthening phenomenon, 135
achievement, alternative ways of, 135-136
in cryogenic biphasic medium, 144f
experimental validation, 137
experimental device, 137-138
nonlinear wave mechanics, 137
packet martensite, formation of, 139-142
two-step quenching experiments, results of, 138-139
forging, 147-148
nature, 136-137
practical applications, 142
aqueous salt solutions cooled below room tempera-
ture, use of, 145-146
cryogenic quenchants and special devices, use of,
144-145
fluidized bed quenching at low temperatures,
142-144
strength versus dislocation density in metal, 2f
stresses distribution through section of cylindrical parts, 109
cross-sections of parts, 110
optimal hard layer, 110-111
at optimal layer of martensite, 111
stress state of steel parts during intensive quenching, 107
analysis of, 111-112
of complex part, 112
bearing rings, computations for, 112-113
splined half-axles, computations for, 113-114
discussion, 114-118
distribution of current stresses through section of
cylindrical parts, 109
at optimal layer of martensite, 111
cross-sections of parts, 110
optimal hard layer, 110-111
intensive quenching process variations, 107
after martensitic through-hardening, 108-109
thermal and stress-strain states, calculation of
mathematical models for, 107-108
supercooled austenite, diffusion transformations of, 3—4
superstrengthening of metals, 135
surface temperature and heat flux densities for specific steel
parts, determination of, 211

T

Tandem-Hart software, 154

techniques of intensive quenching, 152f

tempering of strained steel, 3

tensile strength, 3

Tensi method, 58

theoretical strength of material, 2

thermal and stress-strain states, calculation of
mathematical models for, 107-108

thermal problems related to steel quenching
algorithms to obtain approximate solutions, 32-34
statement of the problem, 31
statement of the variational problem, 31-32

thermal properties of steel, determination of, 210-211

thermocouples placement, in probes, 211

thermomechanical heat treatment, 135
combined with intensive quenching process, 15-16
use of, 10-14
three-dimensional slab (parallelepiped), cooling time
calculation for, 82-84, 83f
Tikhonov regularization method, 214
Tolubinsky’s empirical correlation, 30
tool products, 204
H-13 steel aluminum die casting dies, case study for,
206-207
high-speed punches and dies, service life evaluation of,
206
shock-resisting punches, 204-206
torsion bar samples, 196-197
transient nucleate boiling and self-regulated thermal
processes, 24
analytical solution to thermal problems related to steel
quenching
algorithms to obtain approximate solutions, 32-34
statement of the problem, 31
statement of the variational problem, 31-32
bubble parameters and dynamics, 24
surface properties, 25-30
discussion
quench process investigations, 37-41
self-regulated thermal process, 42
shock boiling, 41-42
heat transfer during steel quenching, 30
self-regulated thermal process, 34-35
experimental determination of time of, 35-37
transmission electronic microscopy (TEM), 6
truck semi-axles quenching, 162-165
TTT (time-temperature transformation) diagram, 4, 7, 88
two-step quenching experiments, 138-139

U

U7A steel, 139, 140t

UCON Quenchant A, 172

UCON Quenchant E, 172

underheat, 27

universal joint crosses, 197-198, 199f, 200f

\'
vapor bubble growth rate, 24

w

washing and quenching device (WQ1), 158
water
flow, convective heat transfer in, 65-67
physical properties of, 29¢
saturation temperature versus pressure, 125¢
temperature versus heat flux density, 125¢
vapor, properties of
at saturation temperature, 29¢
World Scientific and Engineering Academy and Society
(WSEAS), 214





