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Abstract

This paper gives an overview of the problem of heat treatment stress and distortion and a
review of literature surrounding it. Software developed to predict heat treat distortion is also
reviewed. Simulations are presented for a quenched cylinder to demonstrate the capabilities of
software available for predicting heat treatment stress and distortion. The software package
DANTE was identified as one of the most advanced tools for solving heat treat distortion
problems. Example calculations using DANTE show it to have very advanced features, and its
predictions were shown to agree in a relative sense (within about 15%) with measurements
reported in the literature of heat treatment distortion on Navy-C rings made from 4140 and 8620
steel quenched in water and in oil. Unfortunately, due to the lack of documentation on the heat
treatment process details more quantitative comparison could not be made. As part of future
work, the authors are developing a test piece casting to be produced at a participating foundry to
provide data on heat treatment distortions. The test casting is being designed through simulation
and through consideration of past experiments reported in the literature. Experimental
measurement of temperatures and distortions during heat treatment, and (possibly) residual
stresses, will be made in the future as part of both experiments on test piece castings, and on
production case study castings, to validate and improve the software predictions.
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Introduction

Heat treatment and processing associated with it, in particular quenching, are critical to
the production of high strength steel castings. Numerous technical details and process
parameters must be managed and carefully controlled to avoid damaged or scrapped castings.
Thermal and residual stresses that develop during heat treatment and quenching can result in
distortion, cracking (particularly troublesome after machining), and rework and weld repair.
Furthermore, risk of casting distortion from quenching often limits the ability to quench
aggressively, thus reducing the depth of quench-effect and the improvement in properties that
might be possible. Distortions often require adjustments to the casting or pattern design, or the
addition of tie bars. Many castings are straightened after heat treatment by pressing operations,
which are time consuming and expensive. Finally, residual stresses can reduce the service
performance of steel castings and result in catastrophic failure during service. Normalizing and
stress relieving can be performed, but it results in additional energy use, or overuse. Because of
these complexities, heat treatment processing is generally designed over time, based on
experience and trial and error.

An accurate, user-friendly computer model for predicting the distortions and residual
stresses that develop during heat treatment of steel castings would be a powerful tool in the
hands of foundry personnel. Having such predictive abilities, foundry engineers could reduce
trial and error processing and use heat treatment resources more economically. Casting patterns
could be designed with the heat treatment processing already considered. Foundries could take
full advantage of improvements in furnace control, accurately predicting stress development and
relief during austenitizing and tempering. This information could be very useful in efficiently
managing the furnace, while achieving desired mechanical properties and an acceptable residual
stress field. Unfortunately, the modeling of heat treatment and its effects on the stress state of a
casting is not easy. It involves not just modeling the heat transfer and stresses in the casting, but
also modeling the microstructural changes in the steel throughout processing. Changes in the
steel microstructure are very important since they produce changes in mechanical properties
(such as density and thermal expansion coefficient). Other technical obstacles to computer
modeling include complex heat transfer (i.e. boiling regimes during quenching), quenchant
properties, variable mechanical properties with temperature and microstructure, and non-uniform
heat transfer conditions over the casting surface.

The casting simulation software currently used by steel foundries is limited in its
capabilities to predict distortions and stresses resulting from heat treatment. Consequently, heat
treatment process design still involves a tedious trial-and-error process, often requiring corrective
measures. In addition, the heat treatment computer models that are available to engineers are
primarily targeted for forgings and machined parts, and they do not take the deformations that
occur during the casting process into account. Ultimately, for steel foundry engineers, prediction
of the final dimensions of and residual stresses in a steel casting after heat treatment requires
consideration of the casting process itself, because distortions and stresses already develop
during the solidification and initial cooling processes.

In addition to improved casting quality and streamlined heat treatment process design,
energy savings will result through the use of heat treatment models. Energy savings will result



from: dramatically reduced scrap, rework, and reduced trial and error processing, efficient
management of the heat treatment process and improved control of heat treatment furnaces based
on engineering and metallurgical principles. Improved casting performance and superior
material properties will lead to additional energy savings, since superior mechanical properties
provide significant weight savings and longer service life in properly design parts. These
outcomes will result in an increase in casting yield and reduced energy consumed in the heat
treatment process. These energy-savings are directly relevant to the goals of the United States
Department of Energy (DoE) Metal Casting program through whose funding this research is
being performed. A conservative estimate of the annual Net Melting Energy Reduction arising
from this project is 1.43 trillion Btu/year within ten years of this technology’s implementation in
SFSA member foundries.

Review of Past Work

There has been considerable interest in this topic in the past, and substantial research
resources have been directed toward the prediction of residual stress and distortion arising during
heat treatment. An excellent overview of the mathematical modeling of heat treatment distortion
is presented by Fletcher [1]. Here the reader will find important background on the elastic-
plastic and finite element modeling used to compute thermal stresses, as well as background on
the relationship between microstructure and thermal stress. Fletcher [1] also provides an
overview of thermo-mechanical material properties dependent on temperature and
microstructural phase. Even though this reference reflects the state of capabilities in the 1980’s,
and presents only two-dimensional modeling results for cylinders and plates, it presents the
fundamentals of the models and issues that do not change. A recent literature review on the topic
is given by Rohde and Jeppsson [2], where they present Figure 1. This figure is repeated here
because it is an excellent graphical representation of the problem. Starting with the three main
model components required to simulate heat treatment distortion (heat transfer analysis, phase
transformations and mechanical response), Figure 1 gives their important factors, issues to be
addressed, and the most critical results from heat treatment simulation: distortion, residual stress
and microstructure. Using Figure 1 as a visual aid representing the complexity of the problem, it
is easy to understand why the problem has been attacked in a piece by piece fashion over the
years.

Predicting the phase transformations and microstructure is an important piece of this
puzzle. Rohde et al. [3] have presented an approach to determine the phase transformations
using a database of time-temperature transformation (TTT) diagrams for available steels and the
Avrami-type [4] equation for the diffusion transformations. Then, in the case of steels for which
there is no TTT diagram, the program Thermo-Calc is used with the desired chemistry to
calculate the thermodynamic temperatures (for example the austenite-ferrite transition As, the
eutectoid A;, the martensite start and finish, Mg and My , temperatures) along with a “’similar”
TTT diagram to estimate the transformation data. The martensite transformation is time
independent. Martensite transformation can be determined (as by Rohde et al. [3]) using the
Koistinen-Marburger equation [5]. The effect of stress on the M is also considered [3]. A
similar approach is taken by Hunkel et al. [6] to simulate the transformations in steel during
quenching. Lusk and co-workers [7-17] have contributed substantially in this area, and have



produced a highly useful model [9,11] of phase transformations in steel. The Lusk et al. model
[9,11] will be used in the model results presented in this paper.

The constitutive behavior of the steel thermo-mechanical material properties during heat
treatment is highly complex. The mechanical properties are dependent on temperature, phases
present, deformation and deformation rate. Alberg et al. [18-20] have investigated and compared
various constitutive material models. These material models are strain rate-independent
plasticity, rate-dependent plasticity (where creep is considered as a special case), and unified
plasticity models [18] that incorporate all effects. Substantial differences arise from using
different constitutive models, and generally one would want to use the most sophisticated model
possible. Unfortunately, more sophisticated models require more material parameters, which are
determined by iterative or inverse solutions using the model to match experimental results. The
best matching parameters are more easily determined for simpler models. Finding proper
material model parameters can be challenging. Alberg demonstrates [19] that in some cases less
sophisticated models (strain-rate independent, having fewer material parameters) can produce
good enough results for use in heat treatment process design. A sophisticated internal state
variable model has been developed to describe the mechanical behavior of single phase materials
over a wide range of temperatures and strain rates, the Bammann, Chiesa and Johnson (BCJ)
model [21]. This model has been extended to two-phase materials [22] and steel [11] having up
to five-phases (austenite, pearlite, ferrite, bainite and martensite). A complete description of the
BCJ model and its variants is beyond the scope of this paper. The interested reader is directed to
references [11, and 21 to 23]. However, the complexity of the model is such that up 20 material
constants must be determined for a material to describe its temperature and strain-rate
dependence. These are determined by using nonlinear regression [24] on experimental data. The
experiments necessary to determine the model parameters are uniaxial tension tests performed at
different temperatures and strain rates on specimens of a given alloy [25]. Generally, the
specimens are heated treated to isolate specific phases so that the phase dependence can be
determined as well. Finally, reversed loading testing is also performed to determine constants
related to the material’s hardening characteristics. Often times an exhaustive experimental test
plan is not possible to determine all the model parameters with desired confidence. In such
cases, data from a similar alloy must be used to fit a much more limited set of test data for the
alloy of interest [25].

Returning to Figure 1, the phase transformation and material constitutive models must be
combined with a thermal stress computation. Commercial finite element software packages are
readily capable of predicting un-coupled and coupled heat transfer with stress and displacement
(ABAQUS, ANSYS, NASTRAN, ALGOR, and many others). These programs do not by
themselves provide prediction of microstructure or advanced multiphase material models
necessary to predict the complete problem of heat treatment distortion. Thermal stress prediction
that includes prediction of the phase transformations, evolving microstructure and properties is
reported using research-oriented computer models that do not appear to be offered commercially
(as exemplified by [26-29]). Models offered commercially are SYSWELD [30, 31], HEAt
tReaTment Simulation system (HEARTS) [32] and DEFORM™-HT [33-35], TRAST [36, 37],
and DANTE™ [25, 38-41]. Of these the two that appear to have been researched and verified
most in the literature appear to be DEFORM™-HT [33, 34] and DANTE™ [25, 38-40].
DEFORM™-HT is a stand alone software package, incorporating a finite element solver, while



DANTE™ is a set of user subroutines that requires the ABAQUS or Kiva finite element solvers.
In addition to these software packages, MAGMA Giessereitechnologie GmbH has also
investigated prediction of heat treatment distortion with their MAGMAsteel and MAGMAstress
modules in the thesis by Weber [42].

DANTE™ was chosen as the simulation software used in the present work. The primary
goal here is to investigate and demonstrate its abilities to predict heat treatment distortions and
residual stresses in steel castings. We believe it to be the state of the art, being developed as part
of a very large, ~$25 million project in heat treatment distortion simulation managed by the
National Center for Manufacturing Sciences conducted at participating national labs (Lawrence
Livermore, Los Alamos, Oak Ridge and Sandia), universities (Colorado School of Mines and IIT
Research Institute) and industrial companies (Ford, GM, Eaton Corp. and Torrington Co.).
DANTE™ incorporates the phase transformation model of Lusk et al. [9,11,15 and 16] and the
BCJ material model [11, 21-23]. In the remainder of the paper, the capabilities of DANTE will
be demonstrated and discussed. A classic test problem, the heat treatment of a cylinder, will first
be solved to demonstrate the fundamental issues arising during heat treatment, due to thermally
induced plastic deformation and multiple phases present. Then some initial calculations using
DANTE™ will be made on a Navy C-ring test piece often used to evaluate cracking and
distortion.

Heat Treatment Residual Stress and Distortion with Software
Demonstration

A classic problem commonly used to visualize the formation of residual stresses is the
cooling (or quenching) of a cylinder. Consider longitudinal stress and deformation in a section
taken from a cylinder as cooling proceeds from steps “A” through “D” shown in Figure 2 a) and
b), taken from [43, 44]. At step “B”, rapid cooling at the surface results in longitudinal tension
near the surface, and compressive stress forms at the center. If plastic deformation occurs, the
center contracts, and the surface expands relieving the stress — a final residual stress distribution
shown at “D” results as shown in Figure 2 c¢). This process occurs simply due to thermal stresses
forming as a result of temperature dependent material properties, without the consideration of
phase changes. Commercial finite element software, such as ABAQUS used here, is readily
capable of predicting these thermal stresses. Figure 3 shows the development of the thermal
stress field simulated in a cylinder, assuming one-quarter symmetry. The cylinder is initially at
860 C, then air cooled to 25 C. The steel cylinder is 4 cm diameter x 20 cm long. In Figure 3
the stress field is shown on the left and temperature field on the right at the steps that correspond
roughly to “A” through “D” in the quenching process shown in Figure 2. Note that the distorted
geometry is scaled, and magnified 30 times, so the distortions are more apparent. The final
longitudinal stress field is compressive at the surface and in tension at the center, and is due to
the plastic deformation that occurred.

Additional stress and deformation occurs in the presence of phase change due to
differences in material properties (thermal expansion coefficient for example) of the phases
present. The complexities associated with residual stress formation in the presence of phase
changes are discussed in detail by Brooks [43]. Here we follow an example presented by Brooks
to illustrate the nature of the stresses that form due to phase transformations and the final



microstructural variations in a part. Consider again a cylinder cooling, but now overlay the
cooling curves for the surface and center of the cylinder onto a continuous cooling
transformation diagram as shown in Figure 4 (taken from [43]). For the steel under
consideration, the rapid cooling at the surface forms martensite, beginning at the martensite start
temperature M, indicated by point S1 in Figure 4. The surface continues cooling until the end of
the martensitic reaction at point S2. The center cooling curve indicates that the austenite will
decompose into pearlite beginning at point C1 until C2 when all the austenite has decomposed
into pearlite.

Consider now the volumetric changes that occur in the metal when it changes phase.
Martensite has about 5% greater specific volume than the austenite from which it forms. Even
though the austenite from which the martensite is forming continues to contract on cooling, the
formation of the martensite results in a net expansion of the steel. This can be visualized by
imagining an entire cylinder being cooled under the conditions of the surface shown in Figure 5
from point S1 to S2. Point S1 indicates the start of expansion due to the beginning of martensite
formation. Eventually, at point S2, the martensite is finished forming, and there is no further
expansion due to the phase transformation. At this point, our imaginary cylinder undergoing the
“surface” cooling conditions will continue to contract according to the thermal expansion
coefficient of martensite until it reaches a final length Ls as indicated in Figure 5. Visualize
another imaginary cylinder being cooled under the conditions at the center. For the center
cooling curve, pearlite begins to form at C1 shown in Figure 5. Since the specific volume of
pearlite is larger than austenite (like martensite), it expands until the completion of the austenite
decomposition to pearlite at C2. After C2, the pearlite will contract according to its thermal
expansion coefficient to a final length of Lc. Next imagine that we can join the material in the
two imaginary cylinders (cooled at surface and center conditions) into one cylinder. Without
restriction, the length of the surface of this cylinder would be Ls and the center would be L.
However, they are restricted now by being joined together and since L¢ < Lg, the surface pulls on
the center section placing it in tension, while the center also resists being pulled placing the
surface in compression. The resulting length of the joined-cylinder (having a center made of
pearlite and a surface of martensite) will be between L¢ and Lg and the longitudinal stress state
will be compressive at the surface and in tension at the center.

In the preceding discussion, the “thought” experiment conducted is meant to serve only
as an example of a fundamental mechanism of stress formation due to phase transformation
alone. One can readily see how a residual stress field can result even without the material
plastically deforming. The resulting stress state in a part (even a simple cylinder) during heat
treatment operations is highly complex, and even for a cylinder the stress state can vary
considerably throughout the process depending on when phases form, and which phases are
forming throughout the part. For example, the surface will be in considerable tension during the
initial cooling before martensite forms, and volumetric contraction of the austenite is the driving
mechanism of the stress formation. Consider too that phases have variable elastic-plastic
mechanical properties, and a harder phase (like martensite) will resist stresses more than softer
phases, and if plastic deformations occur, they will serve to relieve the stresses. Consideration of
all these effects is very difficult and requires a model like DANTE™.



In Figures 6 through 10 results of ABAQUS calculations with the DANTE user
subroutines are made for a AISI 5120 steel cylinder quench from 900 C to 65 C in an oil bath.
The cylinder is 3 cm diameter by 8 cm long. As an added demonstration, the surface of the
cylinder has been carburized using that feature of the DANTE software package. Three
simulations were run the achieve these results:

1) A carburization (diffusion) calculation to establish the carbon distribution in the part
from the carburization process.

2) A heat transfer simulation of the quenching process that accurately predicts the phase
transformations occurring in the cylinder in the presence of the non-uniform carbon
distribution from carburization along with the thermal field. The increase in carbon
due to the carburization process is incorporated by transferring the carbon field
resulting from step 1) above while the cylinder is at the carburization temperature.

3) A thermal-stress calculation is made using the temperature, and phase dependent
material model (BCJ model) that includes the effect of the carbon distribution in the
part.

An additional feature demonstrated in this example is DANTE’s ability to simulate the
immersion process of the part into the quenchant. This can be quite important for long parts or
longer immersion times where substantial thermal gradients are induced in parts during the
immersion process. In this case, immersion was set to take place over 5 seconds which is rather
long for a cylinder this size, but this serves to demonstrate that a noticeable temperature gradient
is developed. In Figure 6 the longitudinal stress and temperature fields at 0, 0.9, 2.7, 3.9 and 5.0
seconds into the immersion process are shown. The direction of the advance quenchant surface
is shown also. The greatest temperature and stress field gradients along the length appear at 0.9
and 2.7 seconds. After immersion, the surface appears to be slightly in tension and the center in
compression.

Figure 7 shows the stress field development after the immersion process, up to about 30
seconds after immersion is complete. Note the initial stress field at 0.8 seconds after immersion
has a large tensile stress at the surface and compressive stresses at the center. As the rapid
cooling proceeds, the stress field very nearly reverses itself at 4.6 seconds to high tension at the
center and a region of compressive stress developing near (but still under) the surface; in this
region austenite is decomposing to bainite resulting in phase transformation induced stresses
such as those discussed in Figures 4 and 5. The surface has not yet begun to undergo
transformation to martensite and remains in tension. At 29.8 seconds the surface appears to
begin to show the development of compressive stresses due to the onset of martensite formation
as shown in Figure 8. Beginning around 29.8 seconds, the martensite start temperature is
reached for the carburized region near the surface and it proceeds to form as shown at 41.8
seconds until achieving its final distribution (shown here at 1000 seconds). As the martensite
forms, a large compressive stress develops at the surface. There is not a great difference between
the stress field at 41.8 seconds and the final stress field shown in Figure 9. The final
microstructural phases resulting from the heat treatment process are shown in Figure 10.
Martensite forms in amounts greater than 90% near the surface and to a smaller degree at the



corner/ends of the cylinder, a 10% to 50% amount of primary ferrite (increasing towards the
center), and a substantial amount of bainite forms through the cylinder except at the carburized
surface.

This example demonstrated the highly advanced capabilities of the DANTE software.
We next turn our attention to some preliminary comparison of distortion arising from heat
treatment on test piece data [45] and to examine modeling issues and requirements for
experimental data used in such comparisons in the future.

Heat Treatment Distortion — Effect of Alloy and Quenchant

The Navy-C ring is a commonly used test piece to study the sensitivity of alloy grade and
heat treatment conditions on heat treatment distortion. Simulations were run for a Navy-C ring
geometry shown in Figure 11 to investigate the effect of two different alloy grades (4140 and
8620) and two different cooling/quenching methods (water and oil quench) on the resulting
distortions.  Simulations were run using ABAQUS with the DANTE user subroutines.
Experimental results for the dimensional changes at the gap opening and outside diameter are
reported in [45] and given here in Table I. Unfortunately, the experimental results are for
carburized test pieces, and the details of the carburization process were not documented. Also,
the details of the heating process and temperature at the start of quench were not given for the
measurements. Even though carburization could be simulated with DANTE, it could not be
simulated faithfully to the experiments. The missing information makes it impossible to directly
compare the magnitudes of the distortions in Table I with the simulations. Nevertheless, a
relative comparison between the simulations and experiments is possible. This study is also of
interest because it demonstrates further the capabilities of the software.

The finite element mesh used for these simulations was generated using ABAQUS CAE.
As shown in Figure 12, the mesh has 750 elements and 1116 nodes, and one-quarter symmetry is
assumed for the analysis. There is a vertical plane of symmetry assumed running midway
through the gap (i.e. one-half of the ring), and another plane of symmetry runs midway through
the thickness (i.e. one-half the thickness. Uniform heating/cooling conditions using surface
temperature dependent heat transfer coefficients as shown in Figure 13 are used. The two alloys
and two cooling conditions give a simulation test matrix of four runs: 4140 oil quench to 65 C,
4140 water quenched to 25 C, 8620 oil quench to 65 C, and 8620 water quenched to 25 C. These
cases will be referred to as 41400Q, 4140WQ, 86200Q and 8620WQ, respectively. All pieces
are first heated to 900 C before quenching.

Simulation results showing the test piece distortions and contours of x-direction
displacement for the 41400Q, 4140WQ, 86200Q and 8620 WQ cases are given in Figures 14 to
17, respectively. The x-dimensional change should be equivalent to the measurements. The
figures show results at the start of the heating process, at the end of heating to 900 C, 1 s into
quench, 2 s into quench, and final quenched condition. Note that the distorted geometry is
magnified 30 times to make it easier to discern. The resulting shape at each time shown are
scaled consistently, for example at the end of the heating process the piece is at its largest size as
shown in the top most right of Figures 14 to 17. In Figures 14 and 15 the effect of quenchant on
the distortion of the 4140 is quite clear with the water producing noticeably higher distortion.



Likewise in Figures 16 and 17, the 8620 water quenched piece shows the greatest distortion. The
4140 gave greater distortions than the 8260 when comparing alloys for the same cooling
conditions. These results compare favorably in a qualitative sense with the measured results
shown in Table I, where the 4140WQ cracked (and the distortion could not be measured),
8620WQ was next highest, followed by the 41400Q case and the least distortions were seen in
the 86200Q) case.

The x-displacements at nodes B and C (consult Figure 12) are given for the four cases in
Figure 18 for the heating and cooling processes. Note that there is plastic strain occurring during
the heating process, and differences between alloys. The effective plastic strain for the entire
process is given in Figure 19 for all cases; note that there is plastic strain during the heating
process and not a great deal of difference between the two alloys. This means that the details of
the heating process are needed if one is to have an accurate simulation and better agreement
between simulations and the measurements since some plastic deformation has occurred during
heating.

The measured [45] and predicted dimensional changes were compared in a relative sense.
Direct comparison between the measured and predicted dimensional changes show the simulated
distortions to be substantially larger than the measurements. This is due to the lack of
carburization in the simulations, but it is also due to a lack of detailed information about heating
process. A relative comparison between the measurements and experiments were made by
normalizing the dimensional changes with the largest observed dimensional change in the
measurements, the gap dimension on the 8620WQ case. For the measurements, all x-
dimensional changes are divided by the measured gap dimension change for the 8620WQ case.
For the simulation results, all simulated x-dimensional changes are divided by the simulated gap
dimension change for the 8620WQ case. These results are presented in terms of percentages in
Table II and are plotted in Figure 20. The relative comparison between the dimensional changes
agrees well for both alloys and cooling conditions. Note that the predicted dimensional change
for the 4140WQ case, which cracked in the experiment, was over 100% of the 8620WQ. The
lack of precise information necessary to replicate the experiments using simulation is
disappointing for this test case, and more completely documented experimental results will be
compared to simulation in future work. This certainly points out the need to measure carefully
and document thoroughly any experiments undertaken by this project.

The predicted microstructure development at the nodal positions A, B and C (shown in
Figure 12) are compared for the four cases. The nodal locations are: “A” at the center of the
piece, “B” at the gap, and local at node “C” on the outside diameter. The predicted martensite
volume fraction for the 4140 alloy cases, from start of heating through end of quench are given
in Figure 21. Note that the martensite formation is very high for both the oil and water quenched
4140 cases. In Figure 22, the martensite formation for the 8620 steel is very high for the water
quenched case, but the oil quenched case shows much less martensite developed especially at
nodal position A which cools the slowest. For the 8620 steel, bainite is the predominant other
phase formed.



Conclusions and Future Work

The work presented here gives an overview of the problem of heat treatment stress and
distortion and a review of literature surrounding it and software that has been developed to
model it. Simulations were performed and are presented here to demonstrate the software
available for predicting heat treatment stress and distortion. The software package DANTE was
identified as one of the most advanced tools for solving heat treat distortion problems. It was
acquired for testing. Example calculations using DANTE show it to have very advanced
features, and its predictions were shown to agree in a relative sense with some previously made
measurements of heat treatment distortion.  Unfortunately, the documentation of such
experiments in the literature is often incomplete as was the case here.

In the immediate future, the authors are developing a test piece casting to be produced at
a participating foundry to provide data on heat treatment distortions. The test casting is being
designed through simulation and through consideration of past experiments reported in the
literature. The authors are also asking foundries to participate by identifying heat treated
castings that can benefit from being studied and analyzed as test cases during the project. CAD
models, heat treatment process details and other data would be necessary to pursue studying a
casting. Experimental measurement of temperatures and distortions during heat treatment, and
(possibly) residual stresses, will be made in the future as part of both experiments on test piece
castings, and on production case study castings, to validate and improve the software predictions.
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Table I Dimensional Changes in Gap and Diameter for Navy-C Ring [45]

SAE steel Quenchant Dimensional change, mm
Gap opening Outside

diameter

4140 Petroleum oil (65 °C, or 150 °F) 0.04064 0.01524
Water (25 °C, or 80 °F) Cracked Cracked

8620 Petroleum oil (65 °C, or 150 °F) 0.01778 0.00508
Water (25 °C, or 80 °F) 0.04572 0.01778

Table I Comparison of measured [45] and predicted relative dimensional changes. These are
determined with respect to the largest observed dimensional change, the gap dimension on the

8620WQ case.
SAE steel Quenchant Measured Dimensional Predicted Dimensional
Change, % Relative to Change, % Relative to
8620 WQ 8620 WQ

Gap Outside Gap Outside
opening diameter opening diameter

4140 Petroleum oil (65 °C, or 150 °F) 89% 33% 75% 19%

Water (25 °C, or 80 °F) Cracked Cracked 102% 22%

8620 Petroleum oil (65 °C, or 150 °F) 39% 11% 50% 16%

Water (25 °C, or 80 °F) 100% 39% 100% 37%

15




Heat transfer coefficient

~.

Surface temperature

Temperature analysis I

TTT diagram

N

Phase transformation

AN
Heat generation Latent heat
Material
information \\
Stress dependent
Thermal transformation
strain

Mechanical response

/

=

Transformation strain

Vel

l -Diameter

v

Distortion,
Residual Stress

<—‘

T

Transformation induced plasticity

b)

D <= Diameter . s

16

h 4
Microstructure

Figure 1 Diagram of the three coupled parts to simulating heat treatment distortion (heat transfer
analysis, phase transformations and mechanical response) and their important factors and outcomes
(distortion, residual stress and microstructure) as given by Rohde and Jeppsson®.
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Figure 2 Illustration of residual stress formation in quenching taken from Ebert [44].
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Stress Field Temperature Field

Longitudinal Stress (MPa)
Tension

Compression

"A'" Time=0s

Time=4.053s "B" Time=4053s

Time=16.23s
"C" Time=16.23s

B n 1)
Time = 200 s D Time = 200 s

Figure 3 Results of ABAQUS coupled thermal-stress calculation for a steel cylinder (4 cm diameter x
20 cm long) cooled from 850 C to 25 C in air; stress field is shown on the left and temperature field on
the right at four points in the process. Points “A” through “D” correspond roughly to the same points
in the quenching process discussed and shown in Figure 2. Distorted geometry is scaled, and
magnified 30x.
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Temperature

Time

Figure 4 Example cooling curves for the surface and center of a cooled steel cylinder overlaid on a

schematic CCT diagram (taken from [43]). This steel forms pearlite at the center and martensite at the
surface under these cooling conditions.
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Figure 5 Variation in length for steel cooled at the surface and center as given in Figure 4 (taken
from [43]). Points S1, S2, C1, and C2 correspond to those given in Figure 4.
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Figure 6 Results of ABAQUS with DANTE thermal-stress calculation for a steel cylinder (3 cm
diameter x 8 cm long) immersed into an oil bath at 65 C over a period of 5 seconds. The steel is AISI
5120, and the cylinder was removed from furnace at 900 C. Longitudinal stresses are shown on the
left hand side and temperatures on the right hand side. Figure 7 shows the continuation of the
quenching process following this immersion. Deférmation is 30 x.
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Figure 7 Results of ABAQUS with DANTE thermal-stress calculation for a AISI 5120 steel cylinder
(3 cm diameter x 8 cm long) after immersion into an oil bath at 65 C over a period of 30 seconds.
Longitudinal stresses are shown on the left hand side and temperatures on the right hand side.
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Figure 8 Results of martensite fraction formation from ABAQUS with DANTE calculation for a AISI
5120 steel cylinder (3 cm diameter x 8 cm long) after immersion into an oil bath at 65 C. Martensite in
the carburized surface region forms starting between 30 and 42 seconds. Martensite start temperature
is lower in the regions with higher carbon content (at the surface) than the martensite previously
formed at higher temperatures in less carburized regions. This highly martensitic region at the surface
alters the stress field after martensite formation resulting in compressive stresses at the surface.
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Figure 9 Results of longitudinal stress field from ABAQUS with DANTE calculation for a AISI 5120
steel cylinder (3 cm diameter x 8 cm long) after immersion into an oil bath at 65 C. Because of
martensite formation shown in Figure 8, the surface stress alters from tension to compression starting
between 30 seconds (shown in Figure 7) and 42 seconds (shown here). The final stress field does not
change greatly between 42 s and 1000 s. Deformation is 30 x.
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Figure 10 Final microstructural fields from ABAQUS with DANTE calculation for a AISI 5120 steel
cylinder (3 cm diameter x 8 cm long) after immersion into an oil bath at 65 C for 1000 s. Volume
fraction of martensite, ferrite and bainite are shown.
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Figure 11 Drawing of Navy-C ring test piece for quench distortion experiments reported by Totten
et al. [45].
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Figure 12 Finite element model used to simulated the Navy-C ring shown in Figure 11.
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Figure 14 Simulated dimensional displacement in the x-direction for the 41400Q case. Results are
given at start, end of heating to 900 C, 1 s into quench, 2 s into quench, and final quenched

condition. Distorted geometry is magnified 30 ti12n6es.
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Figure 15 Simulated dimensional displacement in the x-direction for the 4140WQ case. Results
are given at start, end of heating to 900 C, 1 s into quench, 2 s into quench, and final quenched
condition. Distorted geometry is magnified 30?fimes.
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Figure 16 Simulated dimensional displacement in the x-direction for the 86200Q case. Results are
given at start, end of heating to 900 C, 1 s in28 quench, 2 s into quench, and final quenched
condition. Distorted geometry is magnified 30 times.
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Figure 17 Simulated dimensional displacement in the x-direction for the 8620WQ case. Results
are given at start, end of heating to 900 C, 1 s into quench, 2 s into quench, and final quenched
condition. Distorted geometry is magnified 30 2dmes.
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Figure 18 Simulated dimensional displacement in the x-direction for all cases from start of heating
through end of quench. Results are given at nodal locations “B” at the gap, and local at node “C”
on the outside diameter.
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Figure 19 Effective plastic strain for all cases from start of heating through end of quench. Results
are given at nodal locations “B” at the gap, and local at node “C” on the outside diameter.
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8620WQ case.

31



R . =g SIS 5?*
0.9 4 — +— Node A - 4140 WQ
—>—Node B - 4140 WQ Quenching Stage
0.8 4 -- % - -Node C - 4140 WQ
— < — Node A - 4140 0Q

0.77 —&—Node B - 4140 0Q
c
2 -- & --Node C - 4140 0Q
Q
I 0.6
w
[
5
o5 054
>
8
B
$ 04+
b=
©
=

0.3 1

0.2 1 Heating Stage

—i T T L T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000

Time (s)

Figure 21 Simulated martensite volume fraction for the 4140 alloy cases, from start of heating
through end of quench. Results are given at nodal locations “A” at the center of the piece, “B” at
the gap, and local at node “C” on the outside diameter.
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Figure 22 Simulated martensite volume fraction for the 8620 alloy cases, from start of heating
through end of quench. Results are given at nodal locations “A” at the center of the piece, “B” at
the gap, and local at node “C” on the outside diameter.
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