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Abgract : Gonmputer smulation on heat treatment is the foundation of intelligent heat treatment. The smulations of tenmperature fidd,
phase trandormation , sresysrain conplicate quenching operation were redized by usng the modd o three dmendond rnonlinear finite
dement method and the treatment methods of abruptly chang ng interface condtions. The smulation results badcdly fit those measured in
experiments. The intelligent sealed multipurpose furnace production line has been developed based on the combination of computer smula

tion on gassous carburizing and conputer control techrology. More than 3000 batches of workpi eces have been processed on this production
line, and dl are up to gandard. The gpplication of computer smulation techrology can sgnificantly improve the loading ahility andrdia

bility of nitriding and carburiz ng workpieces, reduce heat trestment digortion, and shorten carburizing duretion. It is recommended that
the reliable product desgn without redundancy should be performed with the combination of the CAD of mechanica products, the CAE o
meterid s slection and heat trestment , and the dynamic eva uation techrology of product reliahility.
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1 Introduction

Hesat trestment is the principle process used to improve the
loading capacity , durability and reliability of the products.
However , because the conplicated phenomena happened du
ring heat treatment are quite difficult to be observed and mea:
sured directly , the qudity of the treated workpieces is often
hard to be ensured ; or because the full latent capacity of the
meteriasis not utilized, the wolume, mass and etc. of the
workpieces have to be increased. Therdore, heat trestment
has become a bottleneck to limit the level of the manufactu
ring.

With the asd gance of cormputers, multidisciplinary kroMe-
doe incduding meterids, heat trander, dadicplagic me
chanics, fluid mechanics and mathemetics can be integrated
to build the quartitative mathemetica nodels describing the
various pheromena and their interactions, which can be used
to undersand the overall process, to control precisdy the
quality of heat treatment , to optimize the techniques and de-
velop rove techniques and equipments. Therefore, mathe-
metical nodding and computer smulation of heat treatment
are the foundation of intelligent (knowledge intendve) heat
treatment, and ao the leading edge of this fidd in the
world™ ¥,

2 Retrospection

The microgructure trandormetion , gress and grain beha
vior during heat treatment have already been sudied snce the
early 19708" . A temperature-microstructure model was es
tablished in the 1980s, followed by a termperature-microgruc-

ture stress/strain nodd®® | as shown in Fg 1, where

represents the dfects of tenperature on microgructure trans

formetion ; is the dfects of trandormetion latent on tenr

peraurefidd; isthe dfectsdf temperature on gressfield;
dands for the gress induced by phase trandormetion ;

is the efectsof gresson tranformetion rate (dynamics) ; and
represents the efects of gresson tenperature fiel d.

Temperature
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O ®
® ®
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transformation|-e field

Fig.1 The reationship between temperature fied,gressfidd,
phase trangormation during heating or coding
—The dfects o tenperature on microgructure trandornmetion;  —The -
fects o trandormetion latent on tenperaturefield;  —The efectsdf tempera
tureon dressfieddld;  —The dressinduced by phase trandormetion;  —The
dfectsof gresson trandormetion rate (dynamics) ; —The dfects of dress
on tenperaure fied
With the forts of scholarsfrom al over of the world , the
methematica nodeling and conputer Smulation have been
greatly developed , and the numerica methods used to lve
the nonlinear transent temperature fiedld have d < been well
esablished® . The research resuits such as phase trandormar
tion during non-isothermal continuous cooling and heating ,
ooupling nmodel between tenperature and microgructure have
provided good conditions for the conputer smulation”® . In
the cdculation of therma and gructurd dress, FE methods
and thermal eagic-plagic nodd were adopted recently. Dur

ring drain andyds the eadic drain, plagic drain, therma
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grain , phase trandormetion strain and tranformeation plagtici-
ty drain were conddered. The exceeding yied limit , mathe-
metical modd's conddering yidd function and drain grength
have aready been developed’ ™. The dfects of sress on
trandormetion dynamics were even reported® ™ . The above
researches have built a gpod bad sfor the modding of coupled
temperature-microgructure- sress/drain fields.

However , the goplication of heat treatment smuletion is
developed © dowly that there is no definite report on its
large-scde gpplication in production 0 far. According to the
andyss, the main obgacles lie on that (1) nopg Smulaion
works are based on one-or two-dimensona nmode , whereas
the practica workpieces are three-dimendond ; (2) in nog
quenching smulations snge quanchant is only conddered ,
whereas different quenchants are frequently used in different
gdages of ocooling; (3) the precison of Smulation is not sati-
dying; (4) nog dmulation works are not incorporated tightly
with conmputer control and equipment desgn.

3 Achievements

In order to inprove the present Stuation, Shangha Jieo
tong Univerdty has done a series of researches on the compur
ter dmulation of hest trestment.

3.1 Computer simulation on heat treatment of wor kpie-
ces with complex shapes and complex quenching opera-
tions

In the early 1990s, a three-dimensond nmodd was edalr
lished to dmulate the heating process, and the smulated re-
sults were in good agreement with the experimenta results in
st-bath furnace, dectric resgance furnace and large gas
furnace. The heating-up period of the depped shdt in the
large gas furnace was shortened from the previous 20 h to 14
h.

In the 1990s, the project ” Conputer smulaion on
quenching with abruptly changed interface oconditions and
quenching technique CAD” supported by National Natura
Sience Fund was conpleted , and the termperature , micro-
gructure, dress/srain variations during conmplex quenching
operations were succesdully smulated. For exarple, the
tenperature digribution in a jack catch during quenching is
very conplicated (as shownin Fig. 2) . Because the thickness
o the jack catch is quite different in different section, the
catch has high tendency to generate quenching crack , there-
fore , a conplicated operationa process such as pre-cooling —
water quenching —oil quenching or pre-cooling - water
quenching — sdif-tempering should be adopted to ocool the
cach. In different agesdf cooling, the surface heat trander
codficients have difference of severa ordersin magnitude, ©
the cooling process can only be smulated by the method of
abruptly chang ng boundary conditions to correctly predict the
microgructure and performance digributions. The smulated
results agreed well with the experimenta results (see Fig. 3)
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Fig.2 Temperaturefidd in augtenized jack catch after
pre-coding 20 s in air
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Fig.-3 Microgructure digribution on the section of
jack catch after quenching

Position 3
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Position 5

Fig.4 Schematic of anchor ring part
1 —TJenperature measuring hole 2.5 mm, depth 27.5 mm; 2 —Tenperature
measuring hole 2.5 mm, depth 53 mm ;3 —Tenperature measuring hole 42.5
mm, depth 27.5 mm; 4 —Tenperaure measuring hole 2.5 mm, inner sur-
face of hole; 5—nner suface of hole; 6 —Centra point on the face with little
perisome of hole;7 —Midde point on sde suface with height of 27.5 mm
The inner hole of an anchor ring(see Fg. 4)is reguired to
have erough hardness , but the thin wall between neighboring
holes makes quenching crack form eadly. Fg 5 is the contour
o the dmulated microgructure digribution in the anchor ring
during quenching. The dmulated tenperatures are in acoor-
dance with the experimenta results in different podtions of
the anchor ring during quenching with pre-cooling —water
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guenching - self-tenpering (Fg.6) , and o is the micro-

dructure digribution &ter quenching.
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Fig.-5 Smulation on martenste trandor mation process
in anchor ring during quenching
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Fig.6 Comparison o coding curves between simulation results
and measured values in different positions o anchor ring during
complicated quenching operation ( precoding - immersed
quenching —sdf-tempering)

Gontact fatigue failure is among the dgnificant failure pat-
ternsof the high hardness cold roller. After heat treatment , it
is required not only that the surface of the cold roller posses
ses high hardness, but d o that resdud compressve dressis
formed in the surface layer to counteract the contact gress.
Fg. 7 shows the smulated resdua sress digribution in the
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Fig. 7 Computer smulation on dressfidd o high
har dness cdd rdler during quenching

oold roller (#170) dter quenching, which agrees well with
the experimenta results (Fig. 8) . Acoording to the smulated
results, proper quenching medium and method can be chosen
to get a reaonable resdua dress digribution of the cold rol-

ler.
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Fig.8 Comparison of resdual stress digribution between
simulated results and experimental values
on the cdd rdler ( #170) after quenching
3.2 Mathematical modding and computer simulation of
carburizing (or nitriding)

The research and gpplication of mathemeatical modding and
computer smulation of carburizing and nitriding in China
have the following features, compared to the same work
abroad.

(1) The furnace temperature, furnace gas conpostion,
carbon or nitride potentid , diffuson codficient trander cod-
ficient and 2 on are regarded as the functions of time to well
samulate the real manudacture. The smulated and measured
results were in acoordance (see Fig. 9) .

(2) The irfluence o shgpe factors on the concentration
digribution in the layersisindicated (Fg. 10) .

(3) Comrputer smulation and process control are integrated
into intelligent autometion control techrology. The carburizing
process is autometicaly smulated , the techniques are auto-
meticaly optimized and the process is automaticaly conr
trolled. No paper is required in production (Fig. 11) .

(4) Traditional control techrology of gas carburizing can
only diminate the difference between acquired and set va ues
(Fig- 12a) . The dynamic carbon potentid control technology
with orrline calculation of mathematica node (Fig. 12b)
can diminate the influence of these differences on the final
carburizing results and guarantee the qudity and reprodu-
cibility of carburizing.

3.3 Application

3. 3.1 Development of autometic production line of intelligent
hermetic chamber furnace  Gollaborating with Fengdong Heat
Trestment L TD , Shanghai Jiaotong Universty applied some of
these achievements into automeatic production line of intelli-
gent hermetic chamber furnace , which has dready put into
operation and treated over 3000 batches of workpieces s far
without error and condemned dores. Moreover , the heat
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Fig.9 Smulated and measured nitrogen prdfile
and har dness digribution

(a) Nitrogen profile of 38CrMoAl ged &ter cortrolled nitrided a 510 ; (b)

Hardness prcfile of 38QrMoAl ged dter nitrided & 510  for 50 h; (c) Hard

ness digribution in carburized 200rMnTi gtedl
treatment quality was highly inproved and the carburizing pe-
riod was shortened from 6.5 h to 5. 75 h per batch.
3.3. 2 Inprovement of the service propertiesdf case- hardened
pats High-eed heavy-loaded gear treated by traditional
techrology in the power gation hoiler , with the rotation gpeed
o 6000 r/min and the power of 4600 kW, was eadly damer
ged and the gpeed change box was broken. After dynamic
carbon potential control techrology was enployed , aflat corr
centration distribution curve was acquired and the loading car
pacities of the gearswere well improved. Now the gears treat-
ed by this techmlogy have dready been in mass production
and in sfe operation.

The mechanica downdraught cooling tower used in large
petrochemica or sed enterprises, serving in formidable conr
ditions due to its limited ingallation gace , was dameged fre-
quently when treated by traditiond techrology. However , the

0 1.0 2.0 3.0 40 5.0
Distance from surface / mm

Return

Fig-11 Smulation on carburizing process and optimum
techndogy parameters programming automatically
performed by computer contra sysem
reduction gear in the cooling tower trested by dynamic carbon
potentia control techrology is al in ssfe operation and has a-

ready been in mass production and exportation.

Treated by high concentration carbrizing and dynamic car-
bon potentia control techrology , the high-power diesdl engine
cam produced in Quangdong Diesl Engne Corp. has a
geady hardness higher than the upper limit in normal carburi-
zing ( >62HRC) , and its service life is greatly prolonged.
3.3.3 Improvement of the service properties o nitrided parts

The wear resdance of the nitriding layer treated by this
techrmology was doubled , as shown in Hg 13, and its contact
fatigue drength was a9 inproved from 1400 MPa to 1700
MPa. In amother case, the load factor of the bi-arc gear of
geed change box for ship treated by this techrology reached
735 MPa, which is 25% higher than that o rormal
nitriding.
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Fig. 12 Comparison between (a) traditional techndogy o carbon potential contrd and
('b) dynamic carbon potential contrd technd ogy
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Fig. 13 Ted results of specimens treated by dynamic controled
nitriding techndogy and traditional nitriding technoogy
(a) Wearing teding; (b) Qontact fatigue teding
(1) Traditiond nitriding; (2) Dynamic controlled nitriding

3. 3. 4 Ddormation control of nitriding for a heavy power die-
= crankshdt  Conputer Smulation was enployed to gudy
the deformeation of nitriding a crankshat (Fig. 14) , and thus
the method was obtained to control the deformetion in produc
tion.
3.3.5 Huid dynamic dmulaion and furnace chamber de-
dgn of an extrarlarge pit furnace for gaseous carburizing
Fg. 15 showsthe largeg pit furnace for gassous carburizing in
Ada. The reaonability of gas flow in the furnace and tenr
perature uniformity are the key points of furnace desgn and
fabrication. After the problems of the schemes provided by
severa foreign dectric furnace manufactures were pointed
out , the furnace with the fluid dynamic smulation and fur-
nace chamber desgn has aready been built and put into pro-
duction by China. Altogether, the fabrication cog was

Fig. 14  Computer simulation on defor mation of nitriding heavy
nover high-speed diesdl crankshaft made by 35CrMo sted
reduced by 11 x 10° RVB , whereas the terrperature unifor-
mity in the furnace chamber was lessthan +3.5 | better
than the highest nationd gandard (< *#5 ). Hundreds
tons of parts trested in this furnace were al qudified, i
cluding the gear used in ship éevators in Shukou, Fujjian
province (with the diameter of 2800 mm, the larges case
hardened gear at that time) , gearsin 300 t main Peed re-
ducer IIing mechine and extrarlarge rolling mechine.

i

Fig. 15 Extrarlarge pit furnace for gaseous car burizing
at Luoyang Mineral Machinery Factory

4 Conclusion

Mathemeaticd nodeling and computer dmulation of heat
treatment , asthe badsd virtue production of heat trestment ,
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has shown great potential. However , it should be pointed out
that , because of its incompleteness and immeture , the preci-
don of gmulation is gill ot satidying © far and the modd s
have to be nodified by experimentd results. The application
sope of the nodelsis redricted even under nodification and
vaidation. Further inmprovement of the smulation precison
relies on the nore difficult fundamental research. For i
dance, the cdculaion of the relationship between phase
trandormetion and dress depends on the enpirical formular
tion , which is only suitable to the particular types of ded .
Without the breakthrough in relevant theoretica research, the
adgptability of the mode will not be broadened and the smu
lation precidon will not be inproved greetly either. Further
nore , the heat exchange of boiling medium and slid , combi-
nation of eectromagnetic fidd, plasma fidd, multi-coupling
dmulationsin different dimendgons and 9 on are gill under
further invedigation. I the achievement of mathemetical
nodeling and conputer Smulation is bendit from the efective
ue d the fundamental theoreticd knowledge with the aid of
conmputer, its development will depend to a grest extent on
the acquigtion of new knowledge , that is, the development of
fundamental research.

Arother important problem is that mathematical nodeling
and cormputer Smulation techrology shoud rot be only regtricted
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