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Abstract

Austenitic Fe-Ni-Cr alloys are commonly used for the production of castings intended for high-temperature applications. One area where
Fe-Ni-Cr castings are widely used is the equipment for heat treatment furnaces. Despite the good heat resistance properties of the materials
used for the castings, they tend to develop cracks and deformations over time due to cyclic temperature changes experienced under high
temperature operating conditions. In the case of carburizing furnace equipment, thermal stresses induced by the temperature gradient in each
operating cycle on rapidly cooled elements have a significant influence on the progressive fatigue changes. In the carburized subsurface
zone, also the different thermal expansion of the matrix and non-metallic precipitates plays a significant role in stress distribution. This
article presents the results of analyses of thermal stresses in the surface and subsurface layer of carburized alloy during cooling, taking into
account the simultaneous effect of both mentioned stress sources. The basis for the stress analyzes were the temperature distribution in the
cross-section of the cooled element as a function cooling time, determined numerically using FEM. These distributions were taken as the
thermal load of the element. The study presents the results of analyses on the influence of carbide concentration increase on stress distribution
changes caused by the temperature gradient. The simultaneous consideration of both thermal stress sources, i.e. temperature gradient and
different thermal expansions of phases, allowed for obtaining qualitatively closer results than analyzing the stress sources independently.
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1. Introduction heat treatment. Due to their excellent heat resistance, castings made
of Fe-Ni-Cr are utilized in these applications, serving, among other
uses, as equipment for transporting heat-treated loads [1-3, 6, 8-9].

The cyclic operation under elevated and high temperature and
its rapid changes promotes the progression of fatigue processes,
resulting in the initiation and growth of cracks that disqualify
castings from further use [10-15]. The formation of these cracks is
significantly influenced by thermal stresses generated in the

Castings made of austenitic alloys with high nickel and
chromium content find broad application in industrial sectors
where materials are required to withstand high temperature,
thermal shocks, and exhibit good creep resistance [1-7]. An
example of such an area is the use of these castings in furnaces for
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castings in each successive cycle of operation during each
temperature change.

In rapidly cooled castings used in furnaces for heat treatment,
the main source of thermal stresses is the temperature gradient
caused by the variable and uneven distribution of temperature over
time. In the case of equipment for carburizing furnaces, due to the
formation of a carburized layer in the subsurface zone of the
castings, an additional source of thermal stresses is the different
thermal expansion of non-metallic precipitates and the austenitic
matrix [3, 16].

In the work [17], the authors emphasized that in rapidly cooled
components, actual stresses caused by the different thermal
expansion between non-metallic precipitates and the metallic
matrix can be significantly higher than stresses determined with a
simplified approach treating the carburized casting as a composite
consisting of a carburized subsurface zone and a non-carburized
core. The possibility of high stresses occurring in non-metallic
precipitates and their surroundings during rapid cooling processes
is confirmed by the results of analyses presented in previous studies
[16, 18, 19]. However, these studies overlooked the influence of the
temperature gradient that occurs during cooling, assuming the
temperature change as a simultaneous process throughout the entire
material volume.

On the other hand, in the publications [20-24], comprehensive
analyses are presented on the stresses arising in the structures of
technological equipment for furnaces, including stresses induced
by temperature gradients. The studies also explore the possibilities
of reducing these stresses through various geometrical
modifications of the equipment. In the referenced works, the only
source of thermal stresses taken into account was the temperature
gradient.

In real castings used in carburizing furnaces, both of the
aforementioned sources of stresses act simultaneously. However, in
previous analyses, this fact was not taken into account. It was only
in the article [25] that comparative analyses of thermal stresses in
the carburized alloy's subsurface layer were presented, considering
both of these sources independently and accounting for their
simultaneous interaction. The stress distributions obtained for the
latter case best explained the cracks formation observed in actual
castings.

This paper presents the results of numerical analyses of the
impact of increasing carbide precipitate concentration at grain
boundaries on the distribution of thermal stresses in the subsurface
layer of castings of technological equipment for carburizing
furnaces during rapid cooling.

It has been demonstrated that with a high concentration of
carbide precipitates at grain boundaries and an appropriate depth of
the carburized layer, tensile stresses can develop on the surface of
the component at the grain boundary. Such stresses promote the
initiation and propagation of cracks along this boundary from the
surface into the material.

2. Object of study

During heat treatment processes, components such as shafts,
gears, etc., undergo this treatment in furnaces on specially designed
technological equipment. A significant part of such equipment,
including trays and baskets, is produced in the form of thin-walled

openwork castings (Fig. 1) [3, 8, 16, 20-24]. Due to the operating
conditions on heat treatment lines, i.e., high temperature and its
rapid changes, as well as mechanical loading from the load, these
castings are made from heat-resistant austenitic Fe-Ni-Cr alloys.

= e -. \. :
Fig. 1. Equipment for transporting loads in heat treatment
furnaces: a) pallet, b) three-level assembly

Despite the high heat resistance of these alloys, cyclic
operation in furnaces over time leads to fatigue-related changes in
the equipment elements, resulting in the initiation and growth of
cracks. These cracks most commonly occur at grain boundaries,
especially in areas with a high concentration of carbides (Fig. 2).
Due to the progressive fatigue processes occurring in successive
cycles of operation, these cracks propagate into the material, which
can lead to the complete discontinuity of the casting walls and the
need to withdraw these castings from further use [3, 17].

Fig. 2. Cracks on the wall of a tray for carburizing furnaces made
of 1.4849 cast steel: a) crack on the tray rib, b) optical microscope

image of crack in carburized subsurface zone

3. FEM model of carburized layer

Numerical analyses of thermal stress distribution in castings of
heat treatment equipment, taking into account the simultaneous
influence of temperature gradient and different thermal expansion
of phases, were conducted on a Finite Element Method (FEM)
model of a slice of the pallet rib. The modeled slice (Fig. 3) covered
the area of the subsurface zone of the pallet rib, including the oxide
layer formed on the casting surface, the carburized layer
developing into the material, and the non-carburized core.
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According to the notations on Fig. 3, the model had dimensions:
a=4mm, b=4mm, h=6mm.

In the model, it was assumed that carbide precipitates are
located at the grain boundaries of the austenite, neglecting the
presence of carbides inside the grains themselves. Furthermore, for
the sake of simplification, the actual network of carbide precipitates
with any shape (Fig. 3a) was replaced by an ordered set of their
rectangular precipitates (Fig. 3b) located in one yz plane, which
simultaneously constituted the adopted grain boundary.
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Fig. 3. The modelled carburized layer in furnace equipment:
a) carbide network model at the grain boundary, b) simplified
model with cuboidal regions of carbide precipitation

It was assumed that the oxide layer covering the alloy has a
thickness equal to go = 5 pm. This layer exhibits different thermal
expansion compared to austenite. Therefore, its presence has a
significant impact on the distribution of thermal stresses generated
in the subsurface zone of the castings during temperature change
processes.

To analyze the influence of the growth of the carburized layer
on the resulting stress distributions, in successive calculation steps,
the growth of this layer was simulated. This was achieved by
increasing the dimensions of existing carbide precipitate areas
(simultaneously decreasing the distance between them) and
simulating the formation and development of new precipitates at a
greater distance from the surface. The four stages of carbide

network growth adopted in the calculations are presented in Fig 4.
To reduce the number of finite elements used and thus optimize
computation time, we limited the occurrence of carbide precipitate
areas to the corner region of the rib (v = z = 200 pm), where the
highest temperature gradient occurs during cooling.

Stage |

200 um

T 00um

Fig. 4. Stages of carbide network growth adopted in the analyses

The dimensions of cuboidal carbide precipitates for each of the
analyzed stages can be expressed using the appropriate dimension
matrix adopted in the analyses as follows:
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The dimensions along the y-axis and the z-axis of individual
carbide precipitate areas can be read from these matrices using the
formula:

yij= afi[pum]

zj = afi[um]

where y;; and z; are the dimensions along the y-axis and z-axis of
area ij, and af‘j represents the element ij of the matrix for stage k.
The dimension along the x-axis for all carbide areas was assumed
to be equal to 8 um.

In the case of stage 3 and 4, it is evident that carbide precipitate
areas in the most carburized zones overlap due to the assumed
growth. In such a case, it was assumed that these areas merge and
in the analyses, they constitute a single shared precipitate area.

Both FEM models (Fig. 5a, b) and calculations conducted as
part of the article were carried out using the MIDAS NFX 2017
software. In the analyses, a finite element mesh consisting of 8-
nodes, linear, isoparametric hexahedron elements was applied (Fig.
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Sc¢) with various dimensions. The following shape function was
adopted for these elements [26, 27]:

1
N; = §(1+fz€)(1+nm)(1+(i() 1

Rys. 5. Adopted FEM mesh: a) example of mesh for stage 2 of the carbide network growth, b) finite elements in the vicinity of carbide c)
node locations of a hexahedron element and natural coordinate system

4. Adopted methodology

The uneven volumetric changes occurring in the casting during
each temperature change are the cause of the analyzed thermal
stresses. Therefore, the first step in the conducted analyses was to
perform numerical calculations of temperature distribution changes
in the subsurface layer of the casting during the cooling process. In
these analyses, it was assumed that heat exchange with the
environment occurs through free convection, while heat flow
within the model occurs through conduction. The heat transfer
module of the Midas NFX 2017 software, designed for transient
heat flow simulation analyses, was used for the calculations. In this
module, the energy balance equation is utilized as the basis for the
calculations:

AE = AE; + AE; )

where:

AE — change of internal energy of the analyzed object,
AE7 — heat flux transferred across the object’s boundaries,
AE; — internal heat generated by the object.

The above equation can be written in the following form:

J,cpTda = fsh qdS + [,rdQ (3)

where:

¢ — specific heat of the material from which the object is made,
p — mass density,

T- ratio of temperature T change in time ¢,

Q — element volume,

q — density of the heat flux passing through the boundary surface
of the object,

S — object boundary surface,

S» —boundary surface through which heat flows,

r — quantity of heat generated per unit volume.

After substituting Fourier's law:
q= —AMVT “

where:

A(T) — function that determines the dependence of thermal
conductivity of material on the temperature,

VT— temperature gradient,

and if variation 67 is taken, the following equation is attained:
n

. a8T aT
f cpT8TdR + | ——A;(T)z—dn =
o 0x;

2 0%;
J

Since in the numerical calculation software Midas NFX 2017
utilized in the analysis the temperature is interpolated as a shape
function of the form of:

®)
qext6TdS+fr6Td.(2
0

haq

T = N;()T; Q)
the equation (5) becomes the following nonlinear simultaneous
equation consisted of nodal temperature, which includes a
temperature differential term with respect to time:
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C(Ti)T + A(T)T = R(Gext, 7) @)

where:
C(T;)— matrix of heat capacity,
A(T;)— matrix of thermal conductivity,

R(Geyxt, 7)— matrix of thermal load.

In the applied module for determining the history of temperature
distribution changes, the backward difference method is used. The
equation (7) in the consecutive time step can be described as
follows:

(®)
_WT(Q - R(qextlr) =0

Temperature distributions in successive cooling process steps are
determined by applying the above equation again, using the
Newton-Raphson method.[26, 27]

In the heat flow analyses, for the sake of simplification,
uniform thermal properties of the material were assumed at each
point in the model. Based on the data in the standard [28] for the
commonly  used  carburizing  furnace  steel = 1.4849
(GX40NiCrSiNb38-19), the following properties were adopted:
specific heat ¢=500J/(kg'K) and a temperature-dependent
thermal conductivity coefficient 4, in accordance with the data
provided in Table 1. The density of the material was adopted as
p = 17800 kg/m?.

Table 1.

The coefficient of thermal conduction A of cast steel 1.4849 [28]
Temperature 7, °C 20 100 800 1000
Coefficient 4, W/(m-K) 12 123 233 26.5

In the analyses, it was assumed that the initial temperature was
900 °C, and the cooling medium was quenching oil at a temperature
Tr = 20 °C. In the study, an empirically determined [22] heat
transfer coefficient curve was adopted, as shown in the chart in Fig.
6. The calculations were performed for the first four seconds of the
cooling process, with a computational step of 0.02 seconds.

1500
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boiling liquid

300

Heat trans. coef. U,
W/(m?-K)

0 — T T T

0 200 400 600 800
Rib surface temperature, °C

Fig. 6. The adopted relationship between the heat transfer
coefficient and temperature in the analyses [22]

The next stage of the conducted research was to take the
obtained results of temperature distribution changes as input data
for thermal stress analysis. In these analyses, a rapid change in
temperature was assumed as the load, starting from the initial
temperature, which was 7p = 900 °C at each node of the model, to
the temperature obtained for these nodes at successive times
during the cooling process. This procedure was performed for all
adopted stages of carbide network growth.

In the stress analyses, degrees of freedom were constrained for
nodes lying on the central planes of the model, i.e., on the xy, yz,
and zx planes, in directions perpendicular to these planes. The
remaining nodes were unconstrained. The applied method of
constraining the nodes of the model is shown in Fig. 7.
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Rys. 7. Constrains of nodes adopted in the FEM model

In the calculations, an elastic model of material was used for
carbides and oxides, while studies of the austenite were based on
an elastic-plastic model with nonlinear hardening, in which the true
tensile curve was approximated with several line segments
characterized by different values of the hardening modulus Eui. The
stress-strain curve adopted for austenite in numerical calculations
is shown in Fig. 8. The parameters assumed in the stress
calculations for austenite [16, 28, 29], carbides [8, 16] and oxides
[30-38] are presented in table 2. It is worth to note that technical
literature provides a wide range of Young's modulus values for
chromium oxides, depending on the conditions of the formation of
an oxide layer, its density, and the adopted measurement method.
Therefore, in the present calculations, the average value determined
from the data contained in publications [32-38] was adopted.

Table 2.
Materials parameters adopted in thermal stress analysis
Parameter austenite M:Cs Cr20s3
Young modulus
E. GPa 173 294 214
Yield strength
Re, MPa 208 ) )
Strain hardening 4.09 ) )

modulus £, GPa
Poisson ratio v 0.253 0.372 0.270

Thermal expansion . 106 . 106 o106
coefficient a, 1/K 17.7« 10 8.6+10 7.5+10

Due to the strong orientation of the models adopted in the
calculations, resulting from the distribution of carbide areas along
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the grain boundary, directional stresses oy, i.c., normal stresses
perpendicular to the yz plane in which this boundary is located,
were adopted as the main criterion for stress assessment.
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Fig. 8. Austenite stress-strain diagram adopted in analyzes [16]

5. Results and discussion

As a result of the conducted numerical heat flow analyses,
temperature distributions in successive moments of the cooling
process were determined in the analyzed model. An exemplary
temperature distribution determined for the time # = 0.5 second is

presented in Fig. 9.

A
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Fig. 9. Temperature distribution in the analyzed model after
ti=0.5 s of the cooling time

In Fig. 10, the temperature changes at the edge of the surface
(point A) and in the center (point O) of the assumed rib cross-
section (according to the markings in Fig. 9) are presented.
Meanwhile, Fig. 11 illustrates the temperature difference between
these points over the cooling time. It can be observed that even with
a relatively small thickness of the modeled rib (b = 4 mm), the
temperature differences between the surface and the core of the
model are significant. The maximum temperature difference in the
O-A direction occurred after the cooling time #max = 0.42 seconds

and was equal to 4T ma = 101 °C.
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Fig. 10. Change in temperature distribution at the surface (point
A) and in the core (point O) of the model
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Fig. 11. Change in temperature difference between points A and O

The results of thermal stress analyses determined for the
change in temperature from the initial 7y to the distribution
determined after time fmax are presented in Fig. 12-14.
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Fig. 12. Distribution of stresses ox obtained for the third stage of
the assumed carbide network growth
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In Fig. 12, an exemplary distribution of oy stresses is presented,
obtained for the third of the assumed stages of carbide network
growth. It can be seen that the presence of carbides influenced both
the change in stress distribution in the surface layer of oxides and
the stresses in the lower carburized zone. Two directions, A-B and
C-D, were also marked on Fig. 12, along which the results of stress
distributions in successive stages of carbide network growth (Fig.
4) were analyzed. The A-B direction illustrates the stress
distribution in the surface oxide layer, located above the carbide
precipitate areas, while the C-D direction shows the stress
distribution from the surface into the material.

The ox stress distributions ox along the A-B direction are shown
in Fig. 13. In this figure, in addition to the results obtained for each
of the four assumed stages of carburized layer growth, a reference
stress distribution determined in the absence of carbide precipitates
is also included for comparison, marked with the symbol 0.

In the reference case, as expected, compressive stresses are
generated in the surface layer of oxides due to cooling. Analyzing
the presented results, it can be observed that the appearance and
growth of carbide precipitate areas in successive stages of
carburizing significantly influenced the distribution of local
thermal stresses. Already in the first of the assumed stages of
carburized layer growth, the presence of relatively small individual
carbide precipitates caused a significant reduction in compressive
stresses in the layer of oxides above them, and tensile stresses
appeared at the corner (point A). In the second of the assumed
stages, tensile stresses at the corner increased significantly, and
additionally, in the layer of oxides above the areas of carbide
precipitates below, local tensile stresses appeared. With further
densification of carbide precipitate areas, ox stresses in the layer of
oxides increased. In stage III, the stresses in the oxide layer above
the carbide precipitates along the entire precipitate line took
positive values — they were tensile, reaching values above 200 MPa
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Rys. 13. Stress ox distributions along the line A-B

In Fig. 14, ox stress distributions along the C-D direction in
successive stages of carbide precipitate growth are presented.
Based on the presented charts, it can be stated that the obtained
stress distributions are predominantly influenced by stresses caused
by the temperature gradient. However, the presence of carbide
precipitate areas significantly affected local changes in the obtained
stress distributions, with ox stresses in the carbide precipitate areas
being tensile in all four analyzed carburizing stages.

As also evident in Fig. 13, with the growth of carbide
precipitate areas in the subsurface zone of the model, stresses in the
oxide layer change their character from compressive to tensile not
only on the surface of this layer but throughout its thickness. This
promotes, under conditions of cyclic temperature changes in
successive cycles of operation, the formation of cracks and the
interruption of the continuity of the oxide layer.
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Fig. 14. Stress ox distribution along the line CD: a) stage I, b) stage II, c) stage III, d) stage IV
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In numerical analyses considering only stresses caused by the
different thermal expansion of carbides and the surrounding matrix
[16, 18, 19], compressive stresses were observed in the carbides
surrounded on all sides by the austenitic matrix. From the presented
graphs, it is evident that when both the stresses induced by the
temperature gradient and the different thermal expansion of phases
are considered simultaneously, the stress distribution may change.
Under the simultaneous influence of the examined stress sources,
tensile stresses were also present in carbide areas located further
from the surface, fully surrounded by the austenitic matrix.
Although these tensile stresses are lower than those in the
surrounding austenitic matrix, they generally do not change sign
despite the local decrease in value. Furthermore, it can be observed
that the tensile stresses in carbides increase with the expansion of
carbide areas.

The development of tensile stresses in the oxide layer during

rapid cooling processes can lead to the initiation of cracks in this
layer. This phenomenon promotes the progression of the
carburization process in the alloy, and thus further changes in the
functional properties of the casting material.
d) The presence of tensile stresses in both surface oxide layer and
deeper carburized layer promotes the propagation of cracks along
grain boundaries, especially in regions with increased
concentration of carbides, particularly at the carbide-austenite
boundary.

6. Summary

At work, a numerical analysis of thermal stress development
was conducted, taking into account the simultaneous impact of two
main sources of these stresses: temperature gradient and thermal
mismatch of structural components. In the conducted analyses, the
influence of increasing concentration of carbide precipitation areas
on the local changes in stresses caused by the temperature gradient
during the rapid cooling process of heat treatment equipment
components was examined.

Despite the predominant nature of stresses caused by the
temperature gradient, the presence of carbides significantly
influenced the local stress distribution. Already in the second of the
adopted stages of carbide network growth, their presence led to the
formation of tensile stresses in the surface layer of oxides, which
can lead to the formation of cracks in this layer. Due to the
influence of the temperature gradient, tensile stresses also form in
the carbides surrounded on all sides by austenite during cooling
what can lead to the progress of cracks deep into the material.

Based on the obtained results, it can be concluded that the
increasing concentration of carbide precipitation areas is a factor
contributing to the development of tensile stresses during rapid
cooling, both in the surface oxide layer and in the carbides
themselves, including those fully surrounded by the austenitic
matrix.

The obtained results better explain the formation of actual
cracks than the results obtained when considering both sources of
stress independently.
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