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1 Introduction

Heat treatment of metallic alloys is a complex thermomechani-
cal process involving solid state metallurgical transformations that
change both the thermal and the mechanical properties of materi-
als. This process is widely used in industrial applications to re-
lease internal stresses, reduce fragility, improve machinability, or
modify properties like hardness or strength to satisfy the require-
ments of a definite application. However, a badly designed heat
treatment can cause undesirable strains and stresses, and also
cracking. This fact must be taken into account when designing the
heating and cooling sequences in the process.

Numerical simulation of heat treatment has been the subject of
much research work focusing either on thermal and mechanical
analysis of the process [1-4] or on aspects of material modeling
[5-8].

Material models capable of accounting for variations in thermal
and mechanical properties due to temperature and metallurgical
structure changes are a key point to simulate the thermomechani-
cal evolution of parts subjected to heat treatment. A first type of
models exists that describe the microstructure evolution as a func-
tion of alloy composition, temperature, and cooling time, repro-
ducing either isothermal (TTT) or continuous cooling (CCT) dia-
grams for different alloys and chemical compositions [9-14].
Once the microstructure is known, a second type of model de-
scribes material properties as functions of microstructure, alloy
composition, and temperature [7,8]. Using models of both types,
we can predict the material properties needed for thermomechani-
cal computations.

The latter procedure is useful to develop material models for a
broad range of well-known alloys (carbon and low-alloy steels,
austenitic stainless steels, etc.). However, as Taleb points out [15],
its effectiveness is very limited for special alloys (e.g., for high-
alloy white iron) since the model obtained is not able to represent
with accuracy the material properties observed experimentally.
Taleb proposed several corrections to the standard models to re-
produce material properties in the alloys he modeled.
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erties, which are dependent on temperature and microstructural composition, are
rewritten for the purpose of the analysis as functions of temperature and time. Results of
thermo-metallurgical analysis are taken as data for the subsequent mechanical analysis.
The simulation was successful and proved the causes of failure during heat treatment of
a centrifugally cast three-layered Hi-Chrome work roll. [DOI: 10.1115/1.2198247]

In this work, we follow an alternative way to represent material
properties for heat treatment simulation. We redefined material
properties as functions of time and temperature, by merging TTT/
CCT diagrams with curves of dependency of thermo-mechanical
properties in terms of temperature and metallurgical composition
a priori. In this way, material properties were represented by
piecewise linear interpolation of the final properties observed in
experiments in terms of time and temperature. The simulations
were done using a commercial finite element software which takes
into account the dependence of material properties on time and
temperature [16].

Section 2.1 describes the numerical model used to simulate
thermo-mechanical processes in heat treatment of ferrous metals.
In Sec. 2.2, a description of the proposed material model is given.
Section 3 presents an application of this model to the simulation
of the heat treatment of centrifugally cast three-layered Hi-
Chrome work rolls, commonly used in steel mills. The simulation
accounted for and reproduced the kind of actual failures observed
during heat treatment of these types of work rolls.

2 Numerical Model

2.1 Thermomechanical Model. The numerical analysis of
heat treatment processes can be made by modeling the time evo-
lution of two coupled problems:

e A thermal problem which involves heating and cooling
of parts and must take into account the variations of ma-
terial properties (thermal conductivity and enthalpy)
caused by temperature and microstructural transforma-
tions as well as heat releasing/absorption phenomena (re-
lated to latent heat), during metallurgical transforma-
tions.

* A mechanical problem which arises when it comes to
predicting stresses and strains generated by thermal
expansion/contraction produced by temperature changes
and also by metallurgical phase transformations.

The thermal problem is nonlinear because material parameters
depend on temperature. The mechanical problem is also nonlinear
because thermal and transformation-induced strains often generate
plastic deformations.

Provided there are no strong mechanical perturbations that
could induce metallurgical transformations (e.g., transformation of
retained austenite to martensite, induced by stresses generated by
external loads), mechanical phenomena do not affect thermal
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Fig. 1

properties. Under this assumption we can ignore the dependency
of the thermal model on the mechanical variables, which enables
us to perform an uncoupled thermal analysis followed by a me-
chanical analysis that takes the thermal results as input.

The differential equation describing the thermal problem is

p(T)w =V(k(T,m)VT)=0 (1)
where p is the density, H the enthalpy, 7 is the time, k& the conduc-
tivity, T the temperature, and m accounts for the dependency of
material parameters on microstructure.

By assuming both phases have the same density, the relation-
ship between capacity and enthalpy in the presence of phase
change is given by the following expression
B

p(TH(T,m) = f p(T)ce(T,m)dT

A

epc
= f (PI(T)P(T)CI(T)Q'T"'P(T)ch

A
B
+ f @x(T)p(T)er(T)dT (2)
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Approximation of temperature-time transformation

where ¢ is the effective (apparent) heat capacity, ¢, and ¢, are
the specific heats for different microstructures, ¢; and ¢, are the
fractions of initial and final microstructural components, L, is the
latent heat necessary for a phase change, spc is the initial tempera-
ture of phase change, and epc the temperature at the end of phase
change.

The dependence of the thermal problem on metallurgical trans-
formations is simulated with an enthalpy model that takes into
account heat capacity of metal, and latent heat exchange occurring
during phase changes.

The dependence of the mechanical properties on material mi-
crostructure is simulated using material models that account for
variations in metallurgical constituents with time. The thermal de-
pendence of the mechanical problem is modeled using a tempera-
ture field calculated in the thermal simulation and given as input
to evaluate the mechanical properties for the mechanical analysis
and to compute the strains.

In the mechanical simulation, we use a classic elastoplastic
model with isotropic hardening, in which the stresses are calcu-
lated as

UZC(T’epam)gezC(T$8p7m)(8_8p_£t)s (3)

where o and € are stress and strain vectors, C is the constitutive
tensor, £, is the elastic strain, € is the plastic strain, and & is the
thermal-microstructural strain, which integrates the effect of ther-
mal expansion and volume variations during metallurgical phase
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Fig. 3 Conductivity versus time/temperature diagram
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changes.

The stress field must satisfy a yield criterion (in this case, the
isotropic Von Mises criterion)

Oy = \/%[((rx -0 +(0,-0) +(0,—0) + 6(7§y + T’yzz +7)]

X

< Y(T,e.qm)

4)
Since the limit stress Y is a function of the temperature, of the
equivalent plastic strain &,, and of the microstructure, the model

can take into account the variation of material hardening behavior
with temperature.

2.2 Material Model. Most material properties are functions
of temperature and microstructure, and therefore have indirect de-
pendency on variables such as time and maximum heating/cooling
temperature which define material microstructure.

In austenizing processes (heating), the microstructure is mod-
eled as a function of temperature only. In quenching processes
(cooling), the microstructure is a function of temperature and
time. In tempering processes (heating and cooling) the microstruc-
ture is considered as a function of temperature only (the depen-
dency upon temperature and time could be modeled if data about
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Fig. 5 (Left) Work roll main dimensions, (right) FEM mesh
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Crack surface

Fig. 6 Observed cracks in the barrel of work rolls

transformations of retained austenite were available).
Then, for the whole process, we can formulate any general
property u as a function of temperature and time, as follows

w=plT.m(T,0)] = wu(T,1) )

In order to define the material parameters, we first construct a
map of microstructure as a function of temperature and time using
data about heating and cooling periods, and isothermal (TTT) or
continuous cooling (CCT) diagrams for the quenching cooling
interval, as shown in Fig. 1. Then, for every definite material
microstructure (i.e., austenitic, pearlitic, martensitic), we define
the value of every property as a function of temperature. Figure 2
is an example for the case of conductivity. Finally, by combining
the map of microstructure as a function of temperature and time
with the curves of temperature dependence of the considered
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Fig. 7 Temperature-time-transformation diagram for Hi-Cr iron
(shell)
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Table 1

Convective boundary condition. Time variation of air temperature and heat transfer

coefficients (intermediate values calculated by linear interpolation).

Heat transfer

Time Temp. Time Temp. Time coefficient
[s] [°C] [s] [°C] [s] [Wm™°C™]
0 25 1,590,000 520 0 40
160,000 170 1,620,000 490 <570,000 40
175,000 180 1,675,500 480 570,000 30
290,000 430 1,676,000 80 577,000 50
320,000 420 1,713,300 30 585,000 40
380,000 780 2,200,000 55 585,100 60
381,000 730 2,225,000 65 588,000 65
419,000 680 2,247,000 80 589,000 36
428,000 880 2,265,000 85 595,000 10
430,000 1080 2,311,600 160 599,000 15
440,000 1060 2,330,000 165 600,000 8
481,000 1090 2,380,000 310 613,000 12
500,000 1040 2,410,000 310 615,000 4
<570,000 1020 2,450,000 410 900,000 3
570,000 80 2,473,600 410 1,200,000 3
577,000 30 2,500,000 530 1,275,600 40
600,000 30 2,530,000 510 1,675,500 40
600,100 520 2,550,000 555 1,676,000 10
665,000 520 2,610,000 530 1,705,000 10
665,100 30 2,630,000 570 1,706,000 3
1,200,000 25 2,675,200 540 2,200,000 3
1,275,600 100 2,675,300 30 2,225,000 40
1,297,200 95 2,815,600 30 2,675,200 40
1,394,400 205 2,819,200 60 2,675,300 10
1,416,000 205 2,862,400 60 2,304,800 10
1,545,600 465 2,873,200 30 2,815,500 3
1,556,400 430 2,873,200 3

property, and by using the rule of mixtures for regions with mixed
structure (e.g., austenite+pearlite), a map of the property as a
function of temperature and time (continuous piecewise linear ap-
proximation) can be built, as shown in Fig. 3.

We used a commercial finite element code in which material
properties can be defined as functions of temperature and time
[16]. When using such a standard material model, special care
must be taken to adapt the map of microstructure as a function of
temperature and time to the real quenching cooling process (see
Fig. 4) to avoid reversions in austenite-pearlite and austenite-
martensite transformations. An improvement currently in progress
is the development of a model with the ability to track microstruc-
tural evolution and avoid numerical reversion of physically irre-
versible phase changes.

In the thermal analysis, the material parameters are the enthalpy
and the thermal conductivity. In the mechanical analysis, the ma-
terial parameters are the Young (elastic) modulus, the Poisson
coefficient, the thermal expansion coefficient, and the yield stress.
All of them are modeled following the above-mentioned proce-
dure to account for variations during the heat treatment process.

3 Application Case

3.1 Problem Description. The Hi-Chrome work rolls used in
the initial stages of steel lamination have an exterior layer (shell)

of Hi-Chrome white iron, an intermediate layer of low-alloy iron,
and a core of spheroidal graphite iron. The first two layers are cast
centrifugally in horizontal position, and afterwards the core is
poured statically in vertical position. Typical as-cast dimensions
are shown in Fig. 5.

After casting, rolls are heated from room temperature to
1020°C (with complete austenitization). Then, they are quenched
by cooling in air at room temperature. Finally, they are subjected
to two tempering processes at 480 and 540°C, each one followed
by a slow cooling in air to room temperature.

After heat treatment, some rolls showed cracks near the corners
of the barrel. In all cases the cracks had conic shape, starting at
the end of the barrel in the vicinity of the interface between Hi-
Chrome and interface layers, and ending at the external diameter
of the barrel, approximately 250 mm away from the barrel’s edge,
as shown in Fig. 6.

Even though circumferential cracks in the external diameter of
the roll were observed several hours after the end of the second
tempering, when rolls were already at room temperature, the pres-
ence of black ferrous oxides in the initial zone of the cracks indi-
cated that the cracking started in an intermediate stage of the heat
treatment (at least previously to the last tempering heating). The
aim of this analysis was to determine the stage where cracking

Table 2 Properties for Hi-Cr iron (shell) in austenitic state

Temperature Enthalpy Conductivity Young’s modulus Secant thermal expansion
[°C] [Tkg™'] [Wm™ °C] [Pa] coefficient [°C™!]
180 0.62E5 18.50 2.07E11 —2.60E-5

250 1.06ES 18.50 2.04E11 —1.00E-5

400 2.11E5 18.60 1.95E11 0.23E-5

620 3.87ES 19.00 1.74E11 0.95E-5

650 4.11ES 19.07 1.69E11 1.01E-5

680 4.40E5 19.12 1.65E11 1.07E-5

720 5.25E5 19.20 1.62E11 1.13E-5

1030 7.91ES 20.00 0.75E11 1.90E-5
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Fig. 8 Temperature-time-transformation diagram for SG iron
(core)

starts, and to confirm the presence of residual stresses which may
explain the advancement of the cracking front up to the external
diameter of the barrel.

Ignoring small circumferential temperature differences and
small bending stresses generated by the horizontal mounting of
cylinders in the heater, the problem can be modeled as an axisym-
metrical one. The finite element mesh, built by using axisymmet-
ric triangular elements, is shown in Fig. 5(b). The same mesh is
used for the thermal and the mechanical analyses. A quadratic
interpolation of unknowns (i.e., temperatures and displacements,
respectively) is used in both cases.

Convective boundary conditions were set on the external sur-
face of the roll for the thermal analysis. Convection coefficients
ranging from 5 to 40 W m~2 C~! were used in the different stages
of heating and cooling, depending on the agitation of surrounding
air, as seen in Table 1. The temperature evolution of air is also
displayed in this table.

3.2 Shell Material Data (Hi-Chrome White Cast Iron). The
TTT diagram of a similar alloy was used to determine the position
of the pearlitic nose [17]. The cooling behavior of the shell mate-
rial was determined using data of Hi-Cr white iron without Ni
[18], with a correction of the transformation time to take into
account the influence of Ni and Mo as suggested by Laird et al.
[19]. The diagram is shown in Fig. 7.

The thermal conductivity as a function of temperature and mi-
crostructure was taken from data for high-alloy white iron [17,20].
Enthalpy values were calculated integrating the effective thermal
capacity data [17,20] along the temperature range covered in the
process. In order to calculate thermal-metallurgical strains, a se-
cant expansion coefficient averaged from values found in bibliog-
raphy [18,20] and based on a reference state of pearlitic structure
at 20°C was used.

The elastic modulus as a function of temperature and chemical

Table 3 Properties for Hi-Cr iron (shell) in pearlitic-bainitic
state

Young’s Secant thermal

Temperature  Enthalpy  Conductivity  modulus expansion
[°C] Okg'l [Wm'eCc!] [Pa] coefficient [°C™']
~130 0.0 19.00 2.18El11 0.80E-5

180 1.07E6 19.50 2.12E11 0.88E-5

250 1.51E6 21.10 2.09E11 0.98E-5

400 2.56E5 22.00 2.00E11 1.18E-5

620 4.32E5 22.10 1.79E11 1.30E-5

Table 4 Yield stress for Hi-Cr iron (shell)

Yield stress
(pearl./bain.) [Pa]

Yield stress
(austenitic) [Pa]

Temperature

[°C] €,=0.0 €,=0.1 €,=0.0 €,=0.1
0 8.0E+8 10.0E+8
100 7.0E+8 8.9E+8
300 43E+8 53E+8 5.0E+8 6.4E+8
620 2.4E+8 3.0E+8 2.6E+8 3.2E+8
650 22E+8 2.6E+8
680 1.9E+8 23E+8

720 1.6E+8 1.9E+8

1030 04E+8 0.5E+8

Table 5 Properties for gray iron (layer) in austenitic state

Young’s Secant thermal

Temperature Enthalpy  Conductivity — modulus expansion
[°C] Dkg'l [Wm'eC!] [Pa] coefficient [°C™]
190 0.28E5 29.80 1.12E+11 —2.10E-5
400 1.40E5 31.00 1.06E+11 0.26E-5
600 2.85E5 31.80 0.97E+11 0.94E-5
650 3.31ES 32.00 0.95E+11 1.01E-5
675 3.59E5 32.10 0.94E+11 1.07E-5
700 4.30E5 32.20 0.92E+11 1.10E-5
750 5.52E5 32.50 0.89E+11 1.17E-5
1030 8.01ES 37.00 0.44E+11 1.95E-5

Table 6 Properties for gray iron (layer) in pearlitic-bainitic
state

Young’s Secant thermal

Temperature Enthalpy  Conductivity  modulus expansion
[°C] [Dkg'l [WmeCc!] [Pa] coefficient [°C']
0 0.0 42.50 1.22E+11 1.22E-5

190 0.91E5 42.90 1.18E+11 1.28E-5

400 2.08E5 39.90 1.I12E+11 1.35E-5

600 3.48E5 37.10 1.04E+11 1.39E-5

650 3.89E5 36.25 1.01E+11 1.42E-5

Table 7 Properties for SG iron (core) in austenitic state

Young’s Secant thermal

Temperature  Enthalpy  Conductivity  modulus expansion
[°C] Ukeg™'l [Wm'ec!] [Pa] coefficient [°C™!]
190 0.28E5 18.00 1.51E11 —1.90E-5
400 1.43E5 18.20 1.43E11 0.23E-5
600 2.91ES 18.60 1.32E11 0.91E-5
650 3.36E5 18.70 1.29E11 1.01E-5
675 3.65E5 18.75 1.27E11 1.06E-5
700 4.36E5 18.80 1.25E11 1.10E-5
750 5.57E5 18.95 1.20E11 1.17E-5
1030 8.05ES5 20.00 0.60E11 1.95E-5

Table 8 Properties for SG Iron (core) in pearlitic-bainitic state

Young’s Secant thermal

Temperature  Enthalpy  Conductivity  modulus expansion
[°C] Dkg'l [WmeCc] [Pa] coefficient [°C~']
0 0.0 39.00 1.65E11 1.06E-5

190 0.93E5 36.65 1.59E11 1.15E-5

400 2.12E5 29.85 1.51E11 1.30E-5

600 3.60ES 25.49 1.40E11 1.36E-5

650 4.04E5 25.00 1.36E11 1.38E-5
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Table 9 Yield stress for gray iron and SG iron (layer and core)

Layer (austenitic)
yield stress

Layer (pearl./bain.)
yield stress

Core (austenitic)
yield stress

Core (pearl./bain.)
yield stress

[Pa] [Pa] [Pa] [Pa]
Temp.
[°C] €,=0.0 €,=0.1 €,=0.0 €,=0.1 €,=0.0 €,=0.1 €,=0.0 €,=0.1
0 6.60E+8 7.90E+8 7.00E+8 8.50E+8
100 6.20E+8 7.40E+8 6.50E+8 7.80E+8
300 4.30E+8 4.30E+8 4.50E+8 5.50E+8 4.50E+8 5.40E+8 4.80E+8 5.80E+8
620 1.60E+8 1.95E+8 1.70E+8 2.00E+8 1.80E+8 2.20E+8 1.90E+8 2.30E+8
650 1.50E+8 1.80E+8 1.70E+8 2.00E+8
680 1.30E+8 1.55E+8 1.45E+8 1.75E+38
720 0.97E+8 1.15SE+8 1.10E+8 1.30E+8
1030 0.18E+8 0.22E+8 0.20E+8 0.25E+8

composition was obtained from data published by Belyakova et al.
[19,21]. The Poisson coefficient was assumed constant and equal
to 0.28. We assumed the yield stress dependence on temperature
to be equal to that of the ultimate tensile stress for Hi-Cr white
iron [19], scaled according to the room temperature yield stress of
Hi-Cr. An isotropic hardening law was used.

Tables 2—4 show the values of these parameters in terms of
temperature for austenitic and pearlitic/bainitic state. Data for ma-
terial in martensitic state are not included because the evolution of
temperatures during heat treatment of these rolls prevents the for-
mation of martensitic structures.

3.3 Intermediate and Core Material Data (Gray and Sphe-
roidal Graphite Cast Iron). Since the transformation curves of
gray and spheroidal graphite cast iron are similar, the strategy

used to determine their material parameters was the same for both.
After determining the microstructure as a function of time and
temperature, appropriate parameter values were selected. A TTT
diagram for Ni-Mo ductile iron [22] was used to define the mi-
crostructure of the core material as a function of time and tem-
perature in quenching. This diagram is shown in Fig. 8.

The thermal conductivity and the enthalpy as a function of heat-
ing and cooling temperature (obtained by integrating the apparent
thermal capacity) were taken from data published by Auburn Uni-
versity researchers [23].

In order to compute thermal-metallurgical strains, a secant ex-
pansion coefficient based on a reference state of pearlitic structure
at 20°C was calculated from tables of dilatometry in heating and
cooling published by the Auburn Solidification Design Center
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Fig. 9 Comparison between calculated and measured temperatures in bar-
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Fig. 10 Temperature evolution during quenching cooling
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[23]. The elastic modulus as a function of temperature was ex-
trapolated from values at room temperature [17] and thermal de-
pendency of this parameter for pearlitic steels. The Poisson coef-
ficient was assumed constant and equal to 0.26. The yield stress
dependence on temperature was taken from tables for gray and
spheroidal graphite iron of similar composition [24].

Tables 5-9 show the values of these parameters as functions of
temperature, for austenitic and pearlitic/bainitic state.

3.4 Results. A comparison between calculated (continuous
line) and measured (dashed line) temperatures at the midpoint of
the barrel surface is shown in Fig. 9. The agreement between
curves is acceptable for the purposes of the analysis.

The largest differences between temperatures in different points
of the roll, which define the maximum temperature gradients in
the whole process, are found at the initial stage of quenching.
Figure 10 shows a detail of the differences between points located
in the surface of the barrel (P1, P4) and other points situated in the
zones of transition between layers of different materials (P2, P3).
The largest temperature difference predicted by computations be-
tween the surface and the core of the roll was lower than 300°C,
and occurred during quenching.

The evolution of temperatures, principal stresses, and equiva-
lent plastic deformations near the barrel corner, at the zone of
failure, are shown in Figs. 11-15. These plots correspond to dif-
ferent time instants along the complete heat treatment, which were
referred to by letters A-E in Fig. 9.

During the austenizing heating, tensile axial stresses develop in
the external shell. However, as plastic deformations occur during
heating, in the quenching and in the tempering processes the axial
stresses in the shell become compressive. Moreover, large residual
stresses develop and remain at the end of the process because of
the differential deformation of core and layers.
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Fig. 12 End of austenizing heating (point B, 156 h)

TRACTION
COMPRESSION

Principal stresses

DETAIL
ONE

Temp
°C
462
431
400
368

s INTERMEDIATE LAYER Hi-Cr SHELL

308 Equivalent plastic strain
2% VALUE 1.E-3

243 .80

212
180
149

7.92
7.04
6.16
5.28
4.40
3.52
2.64
1.76
0.88
0

INTERMEDIATE LAYER Hi-Cr SHELL

Fig. 13
166 h)

Intermediate state during quenching cooling (point C,
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Fig. 14 End of quenching cooling (point D, 332 h)

Figure 16 shows the evolution of equivalent plastic strains in
different points near the barrel corner. Most inelastic deformations
occur during the second half of the austenizing heating process
and during the quenching process, as shown in the plots of evo-
lution of equivalent plastic strain. Only a small increment in plas-
tic strains is found during tempering processes. However, this re-
sult could be influenced by the lack of information about
percentages of retained austenite after quenching and by transfor-
mations of retained austenite during tempering. The magnitude of
inelastic strains found near the interface between shell and inter-
mediate layers (close to 1%) is significant, specially if we take
into account the brittle nature of Hi-Chrome white iron.

These two latter facts suggest that cracks started in the zone
near the interface between shell and intermediate layers during the
last stage of austenizing heating. The residual stresses observed at
the end of the process (Fig. 15) are large enough to propagate
these cracks in the plane perpendicular to the maximum tensile
principal stresses up to the external surface of the barrel, in total
coincidence with the observations (Fig. 6).

4 Conclusions

A model developed to simulate heat treatment of metals was
presented. The approximation used to describe the behavior of
thermo-mechanical variables, which was able to reproduce with
accuracy the material properties observed experimentally, was
found to be useful for special metal alloys. This type of param-
etrization allowed us to make an initial analysis with the small
amount of data available in the literature for this special alloy. The
analysis was very easily refined in regions of interest later on,
when additional experimental data were obtained.

The main drawback of this approach is the need of knowing the
approximate evolution of temperature in time a priori, in order to
compute the resulting microstructure transformation at each point.
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Fig. 15 End of second tempering cooling (point E, 792 h)

With regard to the analysis and design of work rolls, the results
were of great aid in determining the causes of cracking failures
and proposing preventive measures.

Finally, we should say that these results can be improved by
using an initial stress field computed by an analysis of solidifica-
tion in the casting process, and also by using data about the evo-
lution of retained austenite in the shell material.
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