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Abstract ! require more effort and re ources than anyone
I

ing the DANTE oftware, a finite element! company could devote. a collaborative project
imulation w developed and executed to tudy : defined that in 01 ed national laboratorie ,

the re pon e of a carburized 5120 teel helical : industry and a adernia. The project wa managed
gear to quenching in molten salt. The computer i by the ati nal Center for Manufacturing
imulation included heat-up, carburization, tran - I Science. and the project team member are iden-

fer and irnmer ion in a molten alt bath, quench- ! tified in Table I. Be ide the breadth and depth of
ing, and air ooling. The re ull of the imulation ! expertise included within the pr [e L team, it is
included carbon distribution, volume fraction i important to note that the collaborative nature of
and di tribution of phases. dimensional change, the project helped provide the ub tantial
hardne , and re idual tre s throughout the resources Ilece ary to allow model development,
proce . The predicted re ult were compared material chara terization, actual heat-treat trial,
against mea ured result for hardne . dimen ion and model alidation to be addre ed.
and re idual tre . The e cellent agreement A re ull of thi collaborati ef ort a the
between prediction and mea ured alue for thi development of a oftware tool named DA TE
carburized 5120 steel gear provides a ba i for which is an a ronyrn for .!2istorti n aly i r r
a es ing the ariou proce parameter and their Ihermal Engineering.
re pecti e importance in the haracteristics of not The D TE oftware
only the e heat-treated parts but of other cornpo- The DANT . ftware con ist of a et of ub-
sition and shapes. routine that de cribe the thermal, mechanical and

Introduction metallurgical re ponse of teel to heating and
Distortion of steel part due to heat treatment cooling. The. subroutine include the Bammann-
a widely known but poorly under tood prob- Chiesa-Johnson (BCJ) material model de eloped

lem. While the general cau 'e. of part distortion at andia National Laboratorie in Livermore.
are well kno n. in mo t cases the specific cau e- CA; model for both diffu i e and marten itic
effect relationship has not been esrabli hed. The pha e tran formation developed at the olorado

I
main rea on behind the lack of understanding of i chool of Mines; and a heating-carburizing-
distortion include the many urce of di tortion, : quenching m del de cription and m thodology.
the breadth of engineering di cipJine that mu t ! These ubr utine ha e been interfa ed ith the

I
be brought to bear on the pr blem, the lac of! finite element 01 ers ABAQ (a product of
analytical tool to help di ect the problem, and ! HKS Inc. of Pawtucket, RI) and KIVA (a product
the wilJingne of heat treaters to olve distortion ! of Sierra Vi LaTechnology of Albuquerque, M).

I
problem by trial and error. j The BCJ material model, an RD 100 award

Recognizing that developing an engineering i winner (Ref. 11), i based on the use of internal
tool to addre the di tortion problem would i state variable to de cribe the mechanical behav-

Table l-Heat Treat Distortion Pro ram Partici ants
De artment of Energy

lawrence livermore Nationallaborator
los Alamos Nationallaborato
Oak Rid e Nationallaborato
Sandia National laboratories

Universi
Colorado School of Mines
liT Research Institute

Sciences
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i r f indi idual m tallurgi al phase over wi
ran eft mperatures, dcf nnati n Ie els and
def rmation r t s. Th state variable' link the

mi ros pic m chani m e during def rma-
ti n t the ob. erv d macr pi havior, r

he' t-tr atm nt pr .csses. here mixture f

phases are er changing during the proce . the

model h been enhan ed t in lude th effect of

ph tran f rmati n • tran rmati n-indu ed
pi ti iry (TRIP). and a mi ture the ry that pre-
di l!> th m hanical beha .i r f th ph mix-

ture fr m the behavi r f th indi idual pha ...
F r details on the B J m el applied to heat-

treat pr essesvs R feren es and 7.
he pha. e transf rmati n predicti mod I

have been interfaced with the B J material model

that th e elution of metallurgical phase' is
ntinuall updat d during th simulation. The

pha tran ~ rrnation behavi r f arbon and low-
all y st el ha be n math matically described

LJ. ing a state ariable m th that is compatible
with th B J m I. tran f nnation mod-

el t k the olume ti n f . h m tallurgi-

al phas fun ti n f tim and remperatur .
Detail. con eming the pha e tran. formation

m I are found in R e n 3. 9 and 1 .
peci rc material dat u ed b th mod I in

th imulati n re determin d from well kn wn,

but n t ften pra ti d. mechani al and thermal
te I . dat f r th B J material mod I are It

fr m temperature- and rate ntr lied tensi nand
c mpre i n t ts. ingoftwar d vel ped at

andia pe iii ally f r gen ration of data .et in

th B J ~ rrnat (Ref. l Z), tru stress/true train Figure 3- arbon profil in earburized and
data ~ r different temperatures and strain rates are quenched helical gear (units are weight fraction ').
determined for a h material phase. The phase us to foeu on a . ingJe gear I orh as sh wn in
transformati n data ar deri d fr m heating and Figure 2. Cyclic ymm try nditions wer

ling dilatorneter e perirnents. Ia! ti pr per- pplied I th ut fa f th model.

tie. and th rrnal pr rties, in luding latent heal. The heat-treat eh dul mpl yed in the
of ormati n, were tract d fr m publi bed liter- m I i. hown in Tabl _. Hating wa. a

atur and implemented ithin the mod I a fun - pli shed b applying a temperature-depend nt ur-
ti ns f temper lure and arbon level. face heal tran fer c ffi ient repres ruati e 0

Hear-T at Proc . lmulatlon t pi al gas-fired, continuou s-thr ughput fur-
21-1 thed h Heal n in Figure I. naces. constant ar n potential f . B. Lynn Ferguson

is founder and pI? rd nt of
wa el led f r irnuluti n. Thi ear, made from appli d unif nnly 10 all e teri r parturf ~ t Deformation Control
512 te I. i t picall rna .hin d from a forged provid th boundary c ndition r th carbon Tt' hnolog ~ He « am m-

blan . c' rburized. quen h d in m lten alt. diffu i n model. Quenching involved Iran f rring INr of/hI' eduonai "111'10

wa h d and tempered. 0 irnulate th reopon e th gear thr ugh air I th qu n h tan , imrn committee for Ih
tn mati naJ J umal or

an part .. everal major as umption must fir. I ing the gear in molt n ~'L11at ,L speed . mm/!>, P wder Melallurg). B 'fu

be made. r this h lical gear. the assurnpti n and holding for the r mainder f the time, Th forming OCT. he "'W

was made that heating and cooling nditions in gear was then removed fr m th . all and air employed at Tm Inc. of
~1'1·t'IQJfd. 011. and

the actual pr e s wer uniform around indi id- cooled to arnbi nt temperature bef ro>washing. Republic reel Corp.
ual gears and nigh ring gear. did n t influen e The washing tep and tempering are n t enid- Ferguson hold doctorate

th heating nd cooling. Thi L urnpti n allowed ered in thi paper, larg Iy becau e au tenite in materials t'ngin/' ring.
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Figure l-s-Carburized helical gear.
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Table 2-5120 Carllurization & Salt·Quench Cycle
Step TemperabJre Time Carbon Potential

Heat-Up 2()-.85O°C 10 mins. -
Carburize 850-900°C, 900°C, 30 mins., 3.75 hrs., 0.85%, 0.85%, 0.85%

900-843°C, 843"C 15 mins., 45 mins.
Transfer to Quench Air 12 sees. -

Salt Quench 230"C 4mins. -
[includes 96.8 mm/s

immersion I
Air Cool 20°C 10 mins. -

•.......••....•.-, •• :: End of Salt Quench
.1•••
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Figure ~Maximum principal tres contour map at
the end of the alt quench. Part temperature is 230°C.

igure S-A ustenite volume fraction at the end of the
salt quench. Part temperature is 2300e.

2
I

3 --4. I

Figure 6-Minimum principal tre after alt
quench and air cool: Part temperature is now 200e.
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Figure 7-Comparison of predicted stress vs. stress
computed from X.ray measurements.

decomp ition i ompleted prior to wa hing, and
th tempering proce model had not been fully
implemented when the demon tration model
developed.

Model re ults illu truting the carburized t th
are hown in Figure . The main a umption in the
carburizing boundary condition wa tbat the car-
bon potential wa uniform around the tooth exte-
ri r and bore. The fin Icase depth was 0.64 mm,
defined a the d pth at 0.4%. ore, the car on
profil of the carburized gear wa not me ured:
th carbon diffusion model had been validated
previously where predicted profile were found to
agree with profile determined directly by elec-
tron-beam microprobe or indirectly by microhard-
ne mea urement (Ref . 6 and 8).

igure 4 how a contour map of maximum
principal tre at the end of the alt quench. The
ea e i in re idual ten ion of approximately 300
MPa. with the direction of this tre being along
the length of the tooth. The part temperature at
thi point in the proce s i 230"C. which i abo e
the marten itic temperatur of the carburized case.

indicated in Figure 5, the high carbon case i
till fully au tenitic at thi point, while the low

carbon core of the part has Iran formed to a mix-
tur f errite-pearlite (up to 7%) bainite (up t
5% and marten ite (remainder).

igure 6 how a contour map of minimum
principal Ire after cooling the quenched gear to
room temperature. The c e now exhibits re idual

mpre ion of approximately 400 MPa along th
tooth face and 500 MPa in the root. For compari-
son Figure 7 illu trate the predicted versu
measured . urface and ncar-: urface tres es, with
the measured value determined from X-ray dif-
fracii n pattern taken along th direction of the
r t valley. The e value were measured for
marten ite and were not corrected for multiaxial
ffect . Qualitative agreement between the meas-

ured and predicted values eem reasonable. but
the difference between the two till require fur-
ther e amination. At thi time, there i not uffi-
cient ba i to comment definitively on the accura-
cy of the measurements derived from X-ray analy-
i and the compari on with predicted value .

Previ u validation tudie that focu ed on
im ler ring hape have hown a imilar differ-

en e between predicted and mea ured urface
Ire e but virtuaUy identical value for Ire

through the ca e and into th core (Ref. 8). A
"light m unt of urface decarburization and oxi-
dation may have a ignificant impact on the local-
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ized mea ured urface tre tate.
The helical gear model indicates that at the end

of the final air cool the case i tran fanned to
marten ite with about 25% retained au tenite, a
hown in Figure 8. The retained au tenite level in

the model matche the amount ob erved in the car-
burized case of gears at thi point in the process.
The volume fractions for the phase were al a cor-
roborated by qualitative matche of predicted
pha e volume fraction ver us metallographic
ob ervation .

The hardne model in DANT i ba ed on a
imple rule of mixture, where the bardne of

each individual pha e i calculated and the com-
bined hardne is then based on the summation of
the phase fraction time its re pective hardness.
Martensite hardne is based on carbon level, and
the hardness of the diffu ive phase of ferrite,
pearlite and bainite are function of the tempera-
ture of pha e formation in addition to carbon level.
Marten ite and lower bainite therefore are domi-
nant pha es in parts with high hardness, while
retained austenite, ferrite and pearlite reduce hard-
ne . The predicted hardne of the gear tooth
model i plotted in Figure 9, with the high carbon
case being the high hardne region as expected.

Figure 10 shows a bar graph de cribing the
radial displacements of the four comer bore node
for the evaluated gear tooth section at the end of
each proce s step. After heat-up, the part expan-
ion i evident by the radial expan ion of all four

bore points. A carburization progre e during the
next process step, the bore hrinks lightly a car-
bon diffu e into the austenitic lattice. The part
then thermally contract a it lightly cool during
tran fer to the quench. The bar marked' Immer en
i actually at 5 econd into the alt quench after
immer ion has been accompli hed during the fir t

0.3 seconds. Transformation of the austenite is still
negligible at thi time, while thermal contraction i
pronounced. After completion of the alt quench,
the core of the tooth ha now tran formed to
marten ite and bainite, with the re ult being a
rever al in radial movement a the bore grows with
the formation of the e pha es. The final air cooling
produce a thermal hrinkage, with the bottom
radiu being approximately 12 microns smaller
and the top radiu being 10 microns larger than
original ize.

The chart hown in Figure J 1 i imilar to
Figure 10, except that Figure 11 track the radial
movement of the tooth tip. The tooth tip move
outward during heating and carburizing. However,
more ignificant i radial growth and barreling of

Martensite Phase Fraction after Sah Quench and Air Cool

Z
J.-~.1

Figure 8-Volumefraction of marten ite after all
quencb and air cooling to 20°e.
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Hardness Profile

Figure 9-Predicted hardness contours ill gear
tooth after quenching and air cooling to room tem-
perature.
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Figure In-Predicted bore displacement during
heat treatment.
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Figure ll-Predicted tooth tip displacement during
heat treatment.
the tooth that i bown at the end of the final air
cool. The bottom node ha grown the lea t at
approximately 25 microns, the midheight node
ha grown more than 40 micron • and the top node
of the tooth ha grown ju t less than 40 microns.
While the e radial growth may eem small, they
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ABOUT DANTE
A software tool called Distortion ANalysis for Thermal

Engineering (DANTE)was recently developed by a team of spe-
cialists to analyze part-distortion problems. Because of the
many sources of distortion, the variety of engineering disciplines
required to analyze the problem, the lack of analytical tools to
solve the problem and the tendency of heat treaters to use trial
and error for distortion problems, the DANTEtool was created to
look deeper into the issue.

Benefits
The immediate benefit from using DANTE is prediction of

dimensional change, residual stress state, and part hardness.
These predictions provide direct insight into the effects of steel
chemistry, part shape and process on these values; and a
method for comparing processes, green shapes and steel
grades can therefore be achieved. This knowledge, when
applied, provides a means of reducing costs and time associat-
ed with distortion-corrective steps, through reduced straighten-
ing, reduced machining of hardened parts, and possible substi-
tution of free quenching for press- or fixtured-quenching
processes.

As an example, high-pressure gas quenching following vac-
uum carburizing is becoming a popular process substitution for
conventional gas carburizing followed by immersion quenching
in oil. The DANTE simulation tool provides a valuable means of
comparing these processes. Also, processes such as induction
hardening, which is done as an in-line process on individual
parts, can be compared against batch-quenching processes.
Thus DANTE provides a powerful means of assessing potential
process developments prior to initiating potentially expensive
plant trials.

Simulation using DANTEcan improve part Qualitythrough:
• More uniform carburized case, which can minimize machining
after hardening;
• Achievement of deeper levels of surface compression and
improved fatigue life through improved understanding and con-
trol of the heat-treat process;
• Optimal design of part geometry and required fixturing to maxi-
mizeheat-treatment response and minimizeundesirable distortion.

DANTE provides technical insight into the heat-treat
process, which is a benefit by itself; but when skillfully applied,
it can result in design- and production-cost reduction and
improved part quality.

Theory
During heat treatment, dimensional changes occur due to

thermal expansion and contraction, phase transformation, and
internal stress. Dimensional change cannot be prohibited during
heat treatment, but it can be taken into account during design.
However, unanticipated dimensional change, termed distortion, is
a major problem in heat-treat processes and costs the industry
millions of dollars each year. DANTE predicts the phases and
distribution of phases, internal stress state, and final hardness of
the steel part.

DANTE's Mlterill Model: DANTE includes a multiphase
material model based on the Bammann-Chiesa-Johnson (BCJ)
internal state variable model to address heat treatment of steel.
This material model was recognized as a RD 100award winner
in 2000.

The internal state variable model characterizes the internal
state of a phase, where the state variable relates to the
microscale physical state of the phase. Evolution equations
describe how the state variables change with temperature, rate
of deformation, and deformation level. State variables included
in the BCJ model are static- and rate-dependent, yielding as

functions of temperature and alloy content, and hardening bal-
anced by recovery mechanisms. The constants that define the
state variables are derived from conventional temperature- and
rate-controlled tension and compression tests.

DANTE's Phi" Trlnsformation Kinetics Models: The steel
transformation models in DANTEinclude austenite formation dur-
ing heating, and austenite decomposition to ferrite/pearlite, bain-
ite and/or martensite during quenching. At present, low-tempera-
ture tempering of martensite is also addressed. The kinetics
model is driven by phase transformation data obtained from
dilatometry.

DANTE'sCarburizing Model: DANTEincludes carburization as
a mass diffusion model where the diffusivity of carbon in iron is
controlled as a function of carbon content and temperature. The
effects of selected alloy elements, such as chromium, on carbon
diffusivity are also included. The surface carbon potential may be
specified as a constant value, or it may be defined as a function
of time and temperature based on particular furnace perfor-
mance data. The carburization model can be used to simulate
conventional gas carburizing, as well as vacuum carburizing.

Material DetI: During the initial collaborative project, the
mechanical, thermal and phase transformation behavior of the
5100 series of low alloy steel was developed in detail. Phase
transformation kinetics data and mechanical behavior data were
later developed for some other grades of alloy steels, including
8620,9310,and 4320steel. During a subsequent U.S.Army-spon-
sored Small Business Innovative Research lSBIRI program, com-
prehensive material data were developed for the high alloy gear
steel Pyrowear 53 (a trademarked and patented alloy produced
by Carpenter Technology lnc.l, which is used in gear transmission
applications for military helicopters.

Quench Medii DltI: Part of the processing data available
with DANTEare heat-transfer tables for selected oils, salts, water
(immersion and spray], and gases.

Softwlre Packages
DANTE exists in two versions. The DANTE/ABAOUSversion

requires that users have a valid license for ABAOUS/Standardand
ABAOUS CAEfor pre- and post-processing of results. The DANTE
subroutinesare distributedas object codethat is linkedto ABAOUSat
run time. This version of DANTE runs on any platform on which
ABAOUS runs, including Windows NT and UNIX workstations.
Models may be either 2-0 or 3-D in nature and elementtypes include
quadrilateral,hexahedron,wedge, andtetrahedron elements.

The second version of DANTE is called DANTE/KIVAand has
the same capabilities as the ABAOUS version, but instead the
software couples with the KIVA special purpose finite element
solver. KIVA solves coupled mechanics problems involving car-
bon diffusion and transient thermal-stress process steps, but is
limited to hexahedral elements at this time. KIVA'sprimary advan-
tage over the DANTE/ABAOUSpackage is much faster solution
times for 3·0 problems. KIVA relies on existing pre- and post-
processing software such as ABAOUS CAEor PATRANfor model-
building and graphical display of results.

About DANTE
The DANTE software package is available for licensing from

Deformation Control Technology Inc. A product of a collaborative
industry-government laboratory-university consortium, DANTE
consists of several components,each with separate ownership but
covered by commercial licensingafthe software.The materialmodel
was developed by Sandia National Laboratories of Uvermore, CA,
and is owned by Sandia.The phase transformation kinetics models
were developed by the ColoradoSchool of Mines under contract to
the National Center for Manufacturing Sciences, and NCMS is the
owner.OCTis responsiblefor maintaining,marketing,distributing and
training. Formore information,contact OCTat (440)234-8477.0
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are highly ignificant fr mad ign and applica-
ti n standpoint becau e th y u up mo t of the
allowable dimen ional ariati n in the gear tooth.

ummar
A imulation of the carburizing and quench

hardening of a 5120 helical gear ha been con-
ducted using the D NT heat-treatment imula-
tion oftware package. Agre ment between pre-
dicted alues and me urernents for phase 01-
ume fra tion and di. tributi n of phases. and
residual. tre tate wa ex ell nt. The predicted
dimens ional changes associated with the heat
treatment of thi type of gear were aloin agree-
m nt with e perience. Howe er, a more robu t
y ~ m f r accurately comparing mod I re ul

with t pical gear mea uremcnt and propertie
(. uch urface re idual stre: ) i till required
for a reali tic judgement of model performance
and aura y. This w rk i in progre .

Additional work also ntinue in refining the
xpcrimentally mea ured pha e tran formation

kin tic., characterizati n additional teel and
characterization of other quen h proce e.
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