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Abstract

During gas quenching, independent process parameters include the preheat temperature of the component and the temperature of the circ
gas. One of the most important dependent process parameters is the heat transfer coefficient between the component and the circulated ga
heat transfer coefficient has significant influence on the quenching results, such as distortion, residual stresses, and hardness distebution. |
distortions after quenching will increase the cost due to the post-quenching processes, such as the grinding and hot rectification. The objel
in this research is to minimize the distortion caused by quenching. In this paper, the surface of a component is divided into several regions,
different values of the heat transfer coefficient are imposed on each region. Constraints on the residual stresses and surface hardness distril
are imposed to improve the service properties. The heat transfer coefficients are ideal design variables to optimize the gas quenching process
commercial finite element software, DEFORM-HT, is used to predict the material response during the quenching process. The response sul
method is used to obtain the analytical models of the objective function and constraints in terms of the design variables. Once the closed-f
response surface models are obtained, a commercially available design optimization tool, design optimization tool (DOT), is used to search for
optimum design point. This paper summarizes the methodology used to optimize the gas quenching process together with an application of a
disk example.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction nozzles at different surface locations of the component, many
steel components can be full hardened by gas quenching that
Heat treatment of steels involves heating and cooling of the were formerly oil quenched.

workpiece to obtain the desired physical and mechanical prope The cooling rate can be controlled more uniformly to mini-

erties. Quenching is an important heat treatment process usedmize the distortion. By adjusting the previously stated param-

to increase the hardness and strength of steel by the martensiticeters, the heat transfer coefficient between the surface of the

phase transformation. The quenching process can be classifiedcomponent and the circulated gas can be well controlled.

as liquid quenching and gas quenching according to the type &f With the use of inert gas, gas quenched components are clean

the quenching medium used. In recent years, gas quenching hasand scale-free.

become more popular in industry with the development of high-e Gas quenching is more environmentally friendly than the lig-

pressure furnaces and efficient quenching mgdid], such as uid quenching processes.

a mixture of nitrogen and helium. Gas quenching has several

advantages over the conventional liquid quenching sysiéms Various mathematical models, with different accuracy and

and they are listed as follows: complexity, have been developed in the past two decades. There
are three general types of models used in the property prediction

e The rate of heat transfer between the surface of the comp@nd computer simulatiofp]: static models, dynamic models,
nent and the circulated gas has a large range of flexibility. Byand programs with both static and dynamic models. Static mod-

increasing the furnace pressure, the gas flow speed, and usifil§ aré based on simple empirical formulas derived from experi-
mental data and regression analysis. Dynamic models are based

on the solution of a series of differential equations. An impor-
* Corresponding author. tant category of dynamic models is the use of the finite element
E-mail address: ramana.grandhi@wright.edu (R.V. Grandhi). analysis to predict the distortion, residual stresses, and hardness
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distribution[6—11]. The finite element simulation of the quench- ysis of the gas quenching process is implemented by using
ing process includesthe heat transfer, phase transformations, aD&EFORM-HT [16]. The objective function is to minimize the
deformation. These three parts are influenced by each other adistortion of the as-quenched component. Three constraints are
should be coupled together during the simulation process.  imposed on the residual stress and surface hardness distribution
During heat treatment, process parameters influence the quab improve the service properties of the component. Quadratic
ity of the heat-treated products. Experimental database can iesponse surface models are used to build the relations of the
used to design the heat treatment process. For example, tbbjective and constraint functions in terms of the design vari-
Jominy end-quench experimental data can be used to direables. The closed-form response surface models are used to do
the quenching process design. However, the use of the expdhe optimization instead of conducting several finite element
imental data is limited due to the limitations of the availablesimulations. A commercial design optimization tool, DQV],
experimental database in the handbook. In industry, the tridk used to search for an optimum design point. This optimization
and error method is still widely used to determine the processcheme is demonstrated with a gas quenching process of a disk
parameters during heat treatment. The trial and error method hasmponent.
drawbacks of being costly and time consuming. Furthermore, it
car!nqt pr.ovide the optimum design. These drawbacks make tly-'e Computational model
optimization of the heat treatment processes based on computer

simulation more important. Two main optimization schemes are 1,4 computer simulation of the quenching process includes

_used to optimize the _h_e_at t_reatmen_t Processes. Thefirst SCherﬁ'ﬁee main parts: heat transfer; phase transformations; and defor-
IS base?' on the sensitivity information, Wh'Ch can be CaICUIateﬁination due to temperature and phase changes. The three parts are
byr:he finite dlff(;rence method or anali/]tlc(:jal meLhods.hThe Othef,jyenced by each other during the quenching process, as shown
scheme uses the approximation method, such as the responge, 1 The phase transformations are temperature dependent.

surface method. &l and Srivats412] optimized a fan cool- Onthe other hand, the latent heat generated by the phase transfor-

Ing quench!ng process of a.Nl-bas.ed superalloy turbine enging,,iong will influence the temperature distribution. The thermal
disk. In their study, the design variables were the heat transfeg, jient due to heat transfer is one of the main reasons of the

coefficients along the surface of the component. The objectiv tress generation and deformation. The volume change due to

function was formulated as aquadratic polynomial that penalize§y, e transformations is another reason of distortion. For most
the deviation from the desired cooling rate. Two constraints wer arbon and alloy steels, the martensitic phase transformation

imposed. The first constra|nt was qefmed as the average d'ﬁeﬁ'as more contribution on the stress generation than the thermal
ence be_tween the pleswed and c_Jbtalned cooling rates. The_: second ients during the quenching process. The heat generated by
constraint was defined as the difference between the desired plastic deformation is comparatively insignificant than the

minimum cooling rates. The finite difference method was uUseq, ;o nt heat due to phase transformations. The influence of stress

to optam the sgnsnwnymformatlon, and.thg m_od|f|ed method Ofon the phase transformation, and the heat generated by plastic
feasible directions was used as the optimization scheme. Wh

; . oo %tformation are neglected in this paper. Basic formulations used
simulating the heat treatment processes, it is clear that the ¢ [7

culated results are only as good as the data used in the modqé .r modeling and simulation are introduced.
Batista and KosdlL3] investigated the influence of the estimated
error of input material data on the error of the calculated residuad- /- Heat transfer
stresses. For this purpose, the mathematical model of the heat
treatment process was developed. The sensitivities of the relative The heat transfer during the gas quenching process is a
error of the calculated residual stresses with different input datfansient problem. The temperature distribution is governed by
were calculated by numerical differentiation. Karthikeyan et al.
[14] developed mathematical models to optimize the heat treat- M st
ment conditions for maximum yield strength and ductility of deformation
aluminum-—silicon carbide particulate composites. The response | Heat transfer 4--""""""""""] Deformation
surface method was used to fit the mathematical models, and
the process variables included the volume fraction of SiC, aging
temperature, aging time, and solutionizing time. Saigal and
Leisk[15] optimized the tensile properties of alumina/aluminum
metal matrix composites using the Taguchi analysis. The pro-
cess variables taken into consideration were the volume fraction
of reinforcement particles, solutionizing time, aging time, and
aging temperature. The results indicate that, on average, a 4%
increase in the yield strength and a 7% increase in ultimate ten-
sile strength were obtained. Phase transformation
In this paper, the heat transfer coefficients at different loca-
tions on the component surface are used as the design variablgg 1. coupling between heat transfer, deformation, and phase transformations
to optimize the gas quenching process. The finite element anaduring the quenching process.

Thermal expansion

Temperature h
induced Stress induced
transformation  transformation 4

Volume change
due to phase
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Fourier’'s formula, which is shown in E¢L). The diffusional phase transformation includes the transfor-
9T 9 9T _ mations from austenite to ferrite and cementite. The Johnson—
pca— =% <K8X> — oijé{’j + L& Q) Mehl—-(JMA) equatiori21] is used to predict the volume frac-
t

tion of phases transformed in this case, which is given in Eq.
wherep is the densityc the heat capacity the heat conduc- (3).
tion coefficient; is the latent heat due to phase transformation,

ojj the stressi!, the plastic strain rate, ar the volume frac- §a=1—exp(-fr(I)") 3)

tion of thel-th phase transformed. The second and third terms T —ay\™ (a5 — T\

of the right side of the equation represent the heat due to plas&(T) = a1< ) ( p > 4)
6

tic deformation, and latent heat due to phase transformations,

respectively. where &, is the volume fraction of austenite transformed,

The rate of heat transmission by convection and radiationg(T) a function of temperatur@‘, t the phase transformation
between the surface of the solid component and the fluid gas tfme, and the power a constant. The constamtand the coef-
calculated using the Newton’s equation of cooling. ficients fromas to a7 in functionfy(7) are determined by using
0 = hA AT @) the isothermal phase transformation diagram.

The martensitic phase transformation is modeled by Magee’s

whereQ is the heat fluxA the surface area of the solid compo- equation[22], which is given in Eq(5).
nent, AT the temperature difference between the surface of the
component and the fluid gas, ahdhe heat transfer coefficient ém = 1 —exp@1T + ¥r2) (5)
which combines the influences of the convection and radiation. . _ .
According to its physical meaning, the combined heat transfer wherety is the volume fraction of martensitg andy; are

coefficient is influenced by the surface temperature of the congonstants, determined by using the martensitic transformation’s
arting and finishing temperatures.

ponent. The current and future vacuum heat treating equipmeﬁ{ During th hi fth | both
designs demand for the features of faster quench-rate capacity uring the quenc INg process o the stee c_omponent, ot
iffusional and martensitic phase transformations may occur

more precise process cycle and temperature uniformity control, : I giff I ) ¢ th Th
[18]. The heat transfer coefficient schedule can be calculategfMu!taneously at different locations of the component. The

according to the cooling history by the trial and error method, o2cCuracy of the phase transformation models is very important to
the inverse techniqués9]. Itis possible and necessary to obtain the qugnchlng simulation result;. The !nfluence of phase trans-
the desired heat transfer coefficient with the new developed gégrmatmns on t_he s'_[ress generation during the quenching process
guenching equipment in industry. Is shown later in this paper.

The traditional liquid quenching offers very little room to con-
trol the heat transfer. Comparatively, the heat transfer is much.3. Stress and deformation analysis
easier to control during the gas quenching process. Different
mathematical models can be used to represent the heat transferFor deformation, the incremental strain is assumed to consist
coefficient. In our previous research wdgo], the heat trans-  Of several terms as shown in E§).
fer coefficient was modeled as a step function in terms of the
guenching time, and a single value is used for the whole compc¢—8 =
nent surface. Based on the irregular geometry of the componeny,
different values of the heat transfer coefficient could be imposeﬂ
on different surface regions to obtain a more uniform surfac
hardness anq t.o minimize the distortion. In this paper, the he Fon plasticity make the quenching process a highly non-linear
transfer coefficients vary along the surface of the componen(gj oblem
and the value do not change with temperature. The values tr '
the heat transfer coefficients on the different surface regions of
the component are used as design variables to optimize the g&s Response surface method
quenching process.

de® + deP + de' + de" + de® (6)

here the superscripts e, p, t, tr, and tp represent entities for elas-
¢, plastic, thermal, phase transformations, and transformation
lasticity, respectively. Phase transformations and transforma-

The quadratic response surface models are used to describe
2.2. Phase transformation models the relationship between the corresponding properties and the
design variables as shown in E@).
Phase transformations during the quenching process have an " 0 n
extensive rearrangement of atoms. Depending on whether diffur _ . N
sion occurs or not, the phase transformations during quenchinjg; =bot ;blx' + 2.2 by %
can be classified as diffusional and martensitic phase transfor-
mations. The diffusional phase transformation involves diffusiorwhereb; and Iy are coefficients, xand % the design variables,
of carbon and other solute atoms, and it is time dependent. Thend n is the number of design variables. Using the least square
martensitic phase transformation is diffusionless and occurs vempethod, shown in E(8), the estimates of the regression coef-
rapidly. ficients are determined. The mixed regression method is used to

i=1 j=1
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improve the fitting accuracy of the response surface models by 65

deleting some unimportant terms. ol 1

b= (XTX)_lXTy (8) 55 .
whereX is the design variable vector apdhe response vector 50 W

of the objective function or constraints. asl |
D-optimality criterion is used to design the experimental
points for fitting the response surface models. The number of
design points is determined based on the consideration of the ¢
number of design variables and the order of the response sur-
face models. The response vectors of the objective functionand 30} 1
constraints are calculated using the finite element simulation o5l
results at these design points.

40} 1

35t —— JOMINY END-QUENCH EXPERIMENTS

HARDNESS (HRC)

—— PHASE TRANSFROMATION MODELS ’

20 . . ) L . ! " ) ) !
10 20 30 40 50 60 70 80 90 100
4. Example BOUNDARY ELEMENT NUMBER

. . .. . Fig. 3. Comparison of hardness predicted by phase transformation models and
A disk example is used to demonstrate the optimizationjominy end-quench experimental data.

scheme introduced in this paper. The material of the component
is AISI 4140. Half a cross-section of the axisymmetric com-py the rule of mixtures. The second method is to calculate the

ponent is used .fOI’ the simulation and Optimization. The finitqf]ardness according to the Cooling rate by using the Jominy end-
element model includes 496 elements and 563 nodes, as shoylench experimental data. The second method is well accepted,

in Fig. 2 and the Jominy end-quench experimental data is available in
the ASM Metals Handboo[23]. Therefore, the accuracy of the
4.1. Verification of phase transformation models phase transformation models can be investigated by comparing

the hardness predicted by these two methods. Using the exam-
The accuracy of the phase transformation models is verple shown inFig. 2, the hardness values are calculated by both
important to the quenching simulation results. The latent heainethodsFig. 3shows the comparison results. TX«eoordinate
due to phase transformation will influence the cooling historyis the element number along the surface of the component. The
The volume change due to phase transformation will influenceolid lines are the upper and lower hardness bounds predicted
the distortion and residual stress distribution. The accuracy of they the Jominy end-quench experimental data. The middle line
phase transformation models are investigated by comparing the the hardness calculated by the phase transformation models.
hardness distributions predicted by phase transformation modefthe hardness, predicted by the phase transformation models, is
and the Jominy end-quench experimental data. located between the upper and lower hardness bounds predicted
Two methods can be used to predict the hardness distributiagy the Jominy end-quench experimental data, which means the
according to the temperature cooling history. The first methoghhase transformation models are acceptable. During the quench-
is to predict the volume fractions of the different phases usingng process, the phase transformations have significant influence
the phase transformation models, which calculates the hardnesa the distortion and residual stress distribution, which is shown
later in this paper. Therefore, the phase transformation models

1,008 7 are used to calculate the hardness after being verified.
i 41_5 I 4.2. Modeling of heat transfer coefficient
2 ] X - The design of the heat transfer coefficient is very important
£ 0.5833 A to the quality of the quenching product. Different mathemati-
@ 3 cal models can be used to describe the heat transfer coefficient.
= 3 A Based on the irregular surface geometry of the component, a uni-
£ 0.326 X(2) X(3) T X{5) form heat transfer coefficient will cause various heat flux values
T 1 B ‘ ] along the surface of the component. The heat flux and cooling
3 ., ¥ rate will be less at the convex corners than at the concave cor-
00083 EHHH 1 HHAY 1 ners if the same heat transfer coefficient is used. The modeling
] X(6) of the heat transfer coefficient along the surface of the compo-
.0.189 : : : : nent should be based on the geometry of the component. In this
0.466 0.790 1114 1.439 1.763 paper, the surface of the component is divided into six regions,
Radius (x10E2) (mm) as shown inFig. 2, and different heat transfer coefficients are

Fig. 2. Design variables of heat transfer coefficients along the surface of thdposed on each region. The heat transfer coefficient is con-
component. stant in time and temperature. The values of the heat transfer
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coefficient on different regions are representedXfy), X(2), 113.473
..., X(6). The six heat transfer coefficients are used as design
variables to optimize the gas quenching process. ]

86.2

4.3. Calculation of functional properties

Distortion caused by quenching will result in increased cost € 59073
due to post-manufacturing processes, such as grinding and ho= ]
rectification. The objective function in this problem is to mini- 2 :
mize the distortion of the as-quenched component. The distor-T 31.9
tion in this paper is defined as the shape difference between 3
the desired component and the final shape after quenching witt ]
compensation for volume change. A schematic plot of distortion 4.7
is shown inFig. 4. The desired shape and final shape are drawn ]
in dashed line and solid line, respectively. The aveds C and

D represent the shape differences between the desired and fine -22.53

ht {m

||||||||| LA L L L L L

I I
shapes. The distortion is calculated as the addition of the abso- 52.3 82.4 na26 1427 172.9
lute values of the four areas. The boundary nodal coordinates of Radius (mm)
the desired and final shapes are used to calculate the area differ- Fig. 5. Six control points on the surface of the component.

enceA, B, C andD by the Green theorem. The residual stress
and surfgce hardness distribution have S|gn|f|cant. mﬂuences.oe(bproximated individually in terms of heat transfer coefficient
the service quality of the quenched product. The first constrain

- : S . . &esign variables. These six points are showifriop 5 as P1,
is imposed on the maximum principal residual stress, which ca 2 P6. The analysis of variance shows that the response

_be extrzctedthfrom the 3|mu]1at|or;] redsults. Tw(;)tﬁonsttra(ljnts daggurfaces of hardness at these six points have good modeling
Imposed on the average surtace haraness and the standar \ei:uracy. The average surface hardness and standard deviation
ation of the surface hardness to improve the service quality o

f the surface hardness are calculated by using the closed-
the component.

... _form response surface models. Usually, the response surfaces
The average surface hardness and the standard deviation { P y P

h ; hard b lculated ding to the h the average surface hardness and the standard deviation of
€ surface hardness can be caiculated according 10 the halgly, o, face hardness do not have good fitting accuracy. By

ness of all surface elements. Investigation on the fitting accurac sing Eqs.(9) and (10) instead of fitting their response sur-

found that the response surface model OT thg surface har ce models directly, the poor fitting accuracy problem can be
ness standard deviation has a large approximation error, whic oided

is not suitable for use in optimization. In this problem, the

. ; The average surface hardness is calculated by usin¢PkEq.
response surfaces of hardness at six surface control points are

6
_ Zi:lHi
6

whereH is the average surface hardness of these six pdifts;
the hardness at thieth surface point.

The standard deviation of the surface hardness is calculated
by Eq.(10).

Sof

(9)

.......

Final shape

S8 \(Hi — HY

Hq =
d 5

(10)
whereHy is the standard deviation of the hardness at these six
control points.

Two points are used as observable points to check the stress
N\ variation during the gas quenching process. Point B is at the
Symmetric axis ’ surface of the component, and point A is an internal point, as
) shown inFig. 5.

The contributions of the phase transformations and the ther-
mal gradient on the stress generation can be seenigmb.
At the beginning of the quenching process, there are no phase
y transformations, and the thermal stress is the only contribution.

Db At this time period, the surface point has a tensile stress and

Fig. 4. Definition of distortion. the internal point has a compressive stress. After about 40s
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1200 - - - : T Table 1

S e
Surface Point B 7 - - : .
—e— Surface Poin Design variables Lower bound Middle point Upper bound

1000 |

-200

=
o

= 800} B

e Coded value -1 0 +1
& 600 X(1) (KW/nP K) 1.0 15 2.0
»n P X(2) (KW/m? K) 1.0 1.5 2.0
g 400 i X(3) (kW/m2 K) 1.0 1.5 2.0
S D X(4) (KW/mP K) 1.0 15 2.0
= | X(5) (kW/m2 K) 1.0 1.5 2.0
c X(6) (KW/mP K) 1.0 15 2.0
S

x

O

=

Jiol The normalized optimization model is listed as follows:

PR Minimize:
05 50 100 150 200 250 300 . distortion
Quenching Time (Sec.) obj. = 5000 (11)
Fig. 6. Stress variation during the quenching process. Subject to:
[of
of quenching, the stress at the surface point changes from te#(1) = 10880 -10=<0 (12)
sile to compressive stress. On the other hand, the stress at the _
internal point converts from compressive to tensile stress. Thi%(z) 10— H <0 (13)
phenomenon comes from the volume increase due to the marten-~" "~ ™ 50.0 —
sitic phase transformation in the surface of the component. With Hy
the increase of the quenching time, the martensitic phase tran6{(3) = — —1.0<0 (14)

formation in the surface of the component finished, and the B

martensitic and diffusional phase transformations in the interwhereomp is the maximum principal residual stregg;andHy

nal part of the component started. Due to the volume increasare the average surface hardness and the standard deviation of

of the martensitic and diffusional phase transformations, théhe surface hardness, respectively.

stress at the internal point of the component converts from ten- Response surface method is used to build the relations

sile to compressive, and vice versa at the surface point. Phabetween the functional properties and the design variables. Fifty

transformation is a very important issue during the quencheesign of experimental points identified by the D-optimality cri-

ing process, especially for the residual stresses and distortidarion are used to build the closed-form equations. For distortion

prediction. and the maximum residual principal stress, the response surface
For different shape and size of component, the phase transfamodels are built directly according to the simulation results.

mation sequences during the quenching process may be diffédResponse surface models of hardness at the six surface points,

ent. Therefore, the stress generation history may also be differeahown inFig. 4, are fitted separately. Then using E¢3). and

from the example shown iRig. 6. After the quenching process, (10), the average surface hardness and the standard deviation of

presence of tensile stresses on the surface of the componeghe surface hardness are calculated.

is not preferred, because it could reduce the fatigue strength

and life of the component. For a quenched steel componens, Results and discussions

tempering treatment is needed to reduce the residual stresses,

also increase the toughness of the component by transferring The optimization results are shownliable 2 together with a

the as-quenched martensite (body centered tetragonal structureference design. The reference design point locates at the center

to tempered martensite (body centered cubic structure). of the design space. At the optimum design point, four design
variables X(2), X(3), X(4) andX(5) are located at or close to the
4.4. Optimization model upper bound. The objective function is to minimize the distortion

of the as-quenched component. Three constraints are imposed

Six heat transfer coefficients are used as design variables ts the maximum principal residual stress, average surface hard-
optimize the gas quenching process. The design space of thiess, and the standard deviation of the surface hardness. After
example is listed iffable 1 The determination of the design optimization, all constraints are satisfied. As four design vari-
space is based on two considerations. One is that the requirethles are located atthe upper bound, itis possible to minimize the
average surface hardness can be obtained in this design spadistortion further by increasing the upper bound of the design
The other is that it should be possible to implement this heatariable. Based on this consideration, the upper bound of the
transfer coefficientin a manufacturing facility. It has been showrdesign space is increased to 2.5 k\Wkninstead of the initial
that high pressure helium quenching has the capacity to replas@lue of 2.0 kW/nd K. Using the initial 50 trial points, the fitting
quenching oils, even faster quenching oils, when high pressuraccuracy of the response surface models is damaged because
20 bar and above are usg]. the upper bound of the design space is increased. By adding
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Table 2 ne : . i
Comparison of optimum design with reference design E\,‘ 54
L 2.
Reference design Optimum design =
=
X(1) (KW/m? K) 15 1.42 £ 58
X(2) (KWIn? K) 15 1.96 &
X(3) (KW/mP K) 15 1.99 o 2
X(4) (KW/M2K) 1.5 2.00 T
X(5) (KWIN? K) 15 2.00 8 18l
X(6) (kW/mP K) 1.5 1.58 E:) ’
Objective 1.5926 0.70 B gl
G(1) —0.0050 —0.024 a
G(2) —0.0022 —0.080 z
G(3) 4.89 —0.58 E oy . 1
|_
Distortion (mm?) 79.63 35.21 5
omp (MPa) 995.02 975.96 T 12 2 3 2 5 5 = 3
g %RRCC)) 5(51;; 58‘-221 ITERATION NUMBER
d . .

Fig. 8. Changes of heat transfer coefficient with the number of iterations.

the intermediate optimum design points to the initial trial pointdesign variableX(4) is located at the upper bound. Investigation
set, new response surface models are built with improved fittinghows thak(4) does not have significantinfluence on the distor-
accuracy. This iteration is continued until the functional prop-tion and residual stresses. According to the influences of the heat
erties predicted by the response surface models match the finitg@nsfer coefficient on the functional hardness properties, higher
element simulation results at the optimum design pdiig. 7 heat transfer coefficient is always preferred. This is the reason
shows the change of distortion with the number of iterationswhy X(4) reaches the upper bourkble 3shows the improved
At the first iteration, the distortion predicted by two methodsoptimum design. According §@4], the heat transfer coefficient
has a significant difference. This is because the upper bound gglue can reach 2.5kWAK with the furnace pressure over
the design space during optimization is increased, however, tH#0 bar, and the fluid speed of 15m/s. There was no reference
design space of the trial point set remains same. With the numbéund in the literature about the high-pressure gas-quenching
of iterations increasing, the difference of distortion predicted byfurnace with the flexibility of nozzle design. However, because
two methods is reduced. At the fourth iteration, the distortionthe advantages of the gas quenching, and the industry demands
predicted by the finite element simulation has a minimum valud18], the high-pressure gas quenching equipment with the flex-
of 29.19. And the distortion does not have significant change®ility of heat transfer coefficient control would be developed
with more iterations. The distortion predicted by two methodssoon and used in industry.
matches at the eighth iteration. The distortion of the improved optimum design is reduced
The changes of the design variable values with the number gfomparing with the initial design. The other functional proper-
iterations are shown iRig. 8. The fourth iteration is taken as the ties do not have significant changes.
final optimum design because of its minimum distortion value Comparing with the reference design, the standard deviation

with the satisfied constraints. After optimization, the fourthof the surface hardness is reduced significantly after optimiza-
tion. The reduction of the standard deviation means the surface

80 T T T T T T

- Table 3
70F J Comparison of the initial and improved optimum designs
Initial optimum design Improved optimum design
60[
X(1) (KW/mP K) 1.42 1.37
% 50} X(2) (KW/m2 K) 1.96 1.94
= X(3) (KW/mP K) 1.99 1.96
= 4o} H X(4) (KW/n? K) 2.00 2.5
5 ! X(5) (KW/m? K) 2.00 1.56
e i X(6) (KW/M? K) 1.58 2.04
]
i Objective 0.70 0.58
S ' G(1) -0.024 —0.039
! G(2) —0.080 —0.081
©F 2 1 G(3) —0.58 —057
il . : ; ; ; Distortion (M) 35.21 29.19
1 2 3 4 S 6 7 8 amp (MPa) 975.96 960.69
ITERATION NUMBER H (HRC) 54.01 54.05
Hg (HRC) 0.42 0.43

Fig. 7. Change of distortion with the number of iterations.
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120.4 . . .
] A = 40.90 using this constraint, the average surface hardness value can be
B=43.24 very low for the pursuit of less distortion and standard devia-
oun] C=45.59 tion of surface hardness, which can be seen fi&m 10 In
] Fig. 10 the heat transfer coefficient along the surface of the
component is a constant. With the increase of the heat trans-
= g7 fer coefficient, the distortion and the standard deviation of the
£ ] surface hardness increase first, then decrease. Therefore, with-
£ out the constraint on the average surface hardness, the optimum
B g design point can locate at both the left and right of the peaks.
Even thoughFig. 10is obtained based on the assumption of a
constant heat transfer coefficient along the surface of the com-
oy ponent, it can still explain the reason why the constraint on the
] average surface hardness is not active to reduce the objective
function.
-10.8- r r . r
56.1 85.0 114.0 142.9 171.8 6. Conclusions
(b) Radius (mm) .

Fig. 9. Hardness distributions (HRC): (a) reference design; (b) optimum design. The heat transfer coefficient along the surface of the com-
ponent is designed to optimize the gas quenching process. The
response surface method provides an effective way to optimize

hardness distribution is more uniform after optimization. This - L S
. L the heat transfer coefficient when the sensitivity information is
can also be seen by comparing the hardness distribution con- . . . :
: ; not available. The hardness at six surface points are used to build
tours of both the reference and optimum designs, as shown in . -
Fig. 9 the response surfaces in terms of the heat transfer coefficient

Fig. 9a) is the hardness distribution of the reference design\./ari?b.les' Then the average surface hardness and the standard
The hardness values at the two convex corners, M and N ardee\{'a.mon of the surface hardnes_s are calculated bgsed on thgse
lower. This is because the heat flux at these two c,orners i I(;w |rr1d|V|duaI response surfaces. This scheme can avoid the high fit-
. : L %ng error problem of the response surface model of the surface
if a constant heat transfer coefficient is imposed along the sut-

; . ardness standard deviation. After optimization, the distortion is

face of the component. Design variables of the heat transfer. . L

. minimized, and the surface hardness distribution is much more
coefficient should be chosen wherever the geometry of com- .

. ; ., uniform.
ponent surface changes. In this example, the design variables
X(2) andX(3) are imposed on the two convex corners M and
N. The hardness distribution of the optimum design is shown irAcknowledgements
Fig. Ab).
After optimization, the average surface hardness is 54 HRC This project was funded by the NIST ATP OSURF # 64921-

instead of 50HRC, which makes the constraint on the avers5-00. The first author's Graduate Research Assistantship
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