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Heat treatment processes are used to enhance the material properties of a wide range of mechanical steel
components, according to their final application. Quenching is a common step in these heat treatments,
involving the fast cooling of previously austenitized parts and leading to a phase transformation from
austenite to hard martensite in the material. Quenching commonly causes a geometric distortion in
the parts, associated with the thermal contraction and with the change in the mechanical and geometri-
cal properties of austenite and martensite. It is of importance to predict these distortions, so that one can
design corrective post-heat treatment shape corrections or include them in the pre-heat treatment part
dimensions, thus leading to a final part with adequate shape and dimensions. This study presents the
results of a finite element (FE) simulation of the quenching of an AISI 4140 steel C-ring in oil, covering
the analysis of the distortion caused by both thermal contraction and phase transformation. Furthermore,
the distortion behavior during the cooling stage is analyzed, as well as the hardness and martensite vol-
ume fractions. Experiments were also conducted in order to obtain the geometric distortion, the micro-
structures and hardness of the C-rings. The FE modeling results are in good agreement with the
experimental values and, to the knowledge of the authors, this is the first time that such an agreement
has been obtained for the distortion caused by quenching of C-rings. The design of new products and
quenching processes should consider the studied aspects, and may also be assisted by the methodology
applied to this work.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Heat treatment is used to improve some of the mechanical
properties of steel components, and commonly involves a quench-
ing step which may cause undesired geometric distortions in the
processed parts. The dimensional accuracy of these parts is af-
fected and leads to production and economical losses. An example
of this situation is the production of rolled and heat treated rings
with large diameters and small thickness, where quenching causes
out-of-roundness of rings. Various factors including phase trans-
formation of steel, retained austenite, quench media, severity and
uniformity and process selection may influence the final dimen-
sion of a quenched part [1–3].

It is frequently possible to minimize the quench distortion
through the control of the heat transfer coefficient around parts
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such as rings [4]. However, in this case a variety of ring sizes and
materials quenched in the same production line makes this
approach not practical. As a result, distorted rings must undergo
a radial compression or expansion step, based on prior industrial
experience, in order to correct the out-of-roundness shape,
increasing production time and costs [5].

One way of circumventing the problems connected to the dis-
tortion of parts caused by heat treatments is to take this distortion
into consideration already in the design and manufacturing steps.
If the new shape of a part after heat treatments were accurately
predicted, then compensation measures could be included in the
design stage prior to manufacturing. Another possibility for the
correction of the heat treatment distortions would be to design
adequate post-heat treatment forming operations that would elim-
inate the distortions. Both approaches represent fundamental
design procedures in order to obtain a final adequate part, and de-
pend on the possibility of predicting accurately the distortions
caused by the heat treatments.

A finite element simulation of the quenching of carburized 4140
steel rings (75 mm OD) has been performed [6], discussing the ori-
gin of the quench distortion, considering carbon concentration,
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Fig. 1. C-ring geometry (all dimensions in mm).

Fig. 2. C-ring specimen before heat treatment (m and n dimensions) and after heat
treatment (m0 and n0 dimensions).
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Fig. 4. Coupled phenomena considered during the quenching simulations.
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temperature evolution and volume fraction of the various metallic
phases. The Navy C type test is frequently employed [7] for evalu-
ating the propensity for quench distortion in several materials. This
test has also been used to investigate the influence of the chemical
composition on the hardenability and quench distortion of auto-
motive [8,9]. The complexity of the numerical simulation of such
heat treatment distortions was studied [10,11], and the results
were qualitatively, but not quantitatively, similar to the experi-
mental ones. Another use of the Navy C-ring test was the evalua-
tion and definition of a mathematical model for the quenching of
small stainless rings [12]. Numerical simulations and experimental
tests for the quenching of cast steel C-rings were conducted [13],
but did not lead to an adequate correlation for the experimental
and predicted magnitudes of the distortions. Experimental
quenching of C-ring specimens for different materials (including
Fig. 3. Location of the regions where the microstructure of the quenched C-rings was ex
4140 steel) have been conducted [14,15], and the resulting gap
opening and outside diameter of the C-rings have been reported.
The simulation of the quenching of C-rings based on 4140 steel
material data has been performed, and differences between the re-
sults and those reported in the literature were reported [16]. In
addition, a good correlation between the simulated and experi-
mental results for quench distortions depends critically on the
knowledge of the properties of the materials during their cooling
[1].

No satisfactory comparison between numerical simulations and
experimental results on the distortion and microstructural and
hardness distribution could be found in the literature for quenched
4140 C-rings. The objective of the present paper is to present such
an analysis. In this study, a good agreement was found between the
experimental and simulation results. It is expected that the present
methodology will contribute to the design of new parts submitted
to heat treatment, so that their final shape and dimensions after
heat treatment and eventual corrective forming procedures is the
desired one.
2. Methodology

2.1. Experimental procedure

The material employed for the C-ring was an AISI 4140, with the
nominal composition (in wt.%, certified by the supplier) of 0.40% C,
0.20% Si, 0.85% Mn, 0.95% Cr, 0.20% Mo. The geometry and dimen-
sions of the C-rings are given in Fig. 1.

The measurements of the ring dimensions before and after the
heat treatments were performed in a Mitutoyo Shadowgraph PJ
A3000 Model with an accuracy of 0.01 mm. Two dimensional
amined (a) in the longitudinal cross-section and (b) in the transversal cross-section.
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Fig. 5. Heat transfer coefficient between AISI 4140 and still oil [12].

Fig. 6. Meshed 1=4 symmetric geometry used for the simulation. Nodes M and N
were used for outside diameter and gap opening evaluation, respectively.

Fig. 7. Simulated displacement in the x direction of the points in the longitudinal
cross-section of the C-ring (displacement magnified 20�).
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Fig. 8. Simulated displacements in the x direction for Nodes M and N of the C-ring,
during the oil quenching process.
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changes were analyzed: gap opening, G, and outside diameter, OD.
Based in Fig. 2, the dimensional changes may be expressed as:

G ¼ n0 � n; ð1Þ

and

OD ¼ m0 �m: ð2Þ
Table 1
FE setup for the simulations.

Operation Parameter Value

1 – Heating
(furnace)

Code DEFORM-3D™
C-ring geometry Fig. 1
Material AISI 4140 from DEFORM-3DTM

library
Initial temperature 20 �C
Furnace
temperature

900 �C

Object type Elastic

2 – Quenching
(oil)

Code DEFORM-3D™
C-ring geometry Expanded – operation 1
Material AISI 4140 from JMatPro
Initial temperature 900 �C
Quenchant
temperature

25 �C

Heat transfer
coefficient

Function of temperature (Fig. 5)

Object type Elasto-plastic
The rings were heated to 900 �C in a tubular furnace where an
Argon gas flow was maintained for minimizing the oxidation of
the material, and held at this temperature for 3600 s in order to at-
tain a homogeneous austenitic microstructure. Quenching was
then performed through the fast vertical movement of the ring
(thickest part of the ring at the bottom and ring gap at the top) into
the quenching oil (CASTROL OILQUENCH 1) at 25 �C, where it was
held for at least 300 s.

The microstructure of the quenched C-rings was evaluated at
various points of the longitudinal and transversal cross-sections
of the C-rings, as illustrated in Fig. 3. Sample preparation involved
conventional surface grinding, polishing and etching with Nital 2%.
Hardness measurements (HRC – Rockwell ‘‘C’’) were taken at var-
ious locations in the sections indicated in Fig. 3.
2.2. Numerical simulation

The present simulations utilized the software DEFORM™-HT
module, version 10.1 (Scientific Forming Technology Corporation,
Columbus, Ohio, USA), based on the Finite Element Method, estab-
lishing a coupling between all of the involved phenomena as
shown in Fig. 4. The part distortion was predicted taking into ac-
count the deformation based on the following strain components:



Table 2
Comparison of the experimental and simulated results for the geometric distortions
of the C-ring.

Dimensional changes Method Prediction difference

Experimental Simulation

Gap opening (mm) 0.43 0.402 6.5%
Outside diameter (mm) 0.09 0.084 6.7%

Table 3
Measured hardness after oil quenching process.

Property C-ring region

A B C D E 1 2 3 4 5 6 7

Hardness
(HRC)

54 54 54 55 55 54 55 54 54 55 54 54
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deij ¼ dee
ij þ dep

ij þ deth
ij þ detr

ij þ detp
ij ; ð3Þ

where e, p, th, tr, and tp represent the contributions from elastic,
plastic, thermal, phase transformation and transformation plastic-
ity, respectively.

In order to obtain adequate simulation results the material data
should be accurate. The following information on materials proper-
ties have to be known for distortion prediction caused by quench-
ing through numerical simulations [17]:

� Phase transformation kinetics, i.e. TTT and CCT diagrams.
� Temperature dependent thermo-physical properties for

each phase formed, such as density, Young’s modulus, ther-
mal expansion coefficient, and thermal conductivity.

� Temperature dependent mechanical properties of each
phase formed, including tensile strength, yield strength,
and hardness.
Fig. 9. Micrographs from various points in the transversal cross-section of a C-rin
The above data involves long and expensive laboratory testing;
an alternative is the use of softwares focused on material proper-
ties simulation, which are usually based on the chemical composi-
tion of the material. The present simulation of the C-ring
quenching utilized data in the material library of DEFORM™ and
the material properties for the 4140 steel provided by JMatPro
(Sente Software Ltd., Surrey, United Kingdom).

The simulation of the initial heating stage of the C-ring involved
the prediction of the ring expansion due to the temperature in-
crease from 20 to 900 �C. The coefficient of thermal expansion for
the 4140 steel was obtained from the DEFORM™ library. Once ex-
panded at 900 �C, the specimen was considered as completely
austenitized (100% austenite).

The AISI 4140 data for the quenching stage simulation was
obtained from the JMatPro software. The mechanical and ther-
mo-physical properties for the various material phases and constit-
uents (austenite, martensite, bainite, ferrite and pearlite) are taken
into consideration. The phase transformation kinetics are based on
TTT curves. All of the transformation aspects are taken into
account, including latent heat, volume change and transformation
plasticity. Jominy curves are used for hardness prediction.

The quench orientation and bath agitation conditions influence
the heat transfer between the part and the quenchant [18]; the
heat transfer may also vary along the various part surfaces. Since
that the C-ring has a relatively small size and the quenching pro-
cess was performed in still oil, the heat transfer coefficient was
considered constant along all of the C-ring surface and as a func-
tion only of the ring surface temperature. The heat transfer coeffi-
cient between AISI 4140 and oil as a function of temperature has
already been determined [16], and was used in the present simula-
tion. Fig. 5 shows the variation of this coefficient with the speci-
men surface temperature.

Due to the part symmetry, only 1=4 of the part was simulated.
Brick elements were used (7000), as shown in Fig. 6. Nodes M
and N were utilized for outside diameter and gap opening mea-
surements, respectively. Table 1 summarizes the FE setup for the
simulations.
g, indicating the presence of martensite in all locations (optical microscopy).



Fig. 10. Micrographs from various points in the longitudinal cross-section of a C-ring, indicating the presence of martensite in all locations (optical microscopy).
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Fig. 11. Simulated evolution of the martensite volume fraction at several points in
the transversal cross-section of the C-ring during oil quenching.
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Fig. 12. Simulated evolution of the martensite volume fraction at several points in
the longitudinal cross-section of the C-ring during oil quenching.
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3. Results and discussion

3.1. Distortion of the C-rings

Fig. 7 shows the simulated distribution of the displacements in
the x direction. There is a tendency for the ‘‘opening’’ of the ring, as
observed experimentally. Fig. 8 displays the simulated displace-
ments in the x direction of nodes M and N in the C-ring for a period
of 150 s after the beginning of the quenching process. It is seen that
after about 100 s, there is a stabilization of the displacements pre-
dicted for both nodes. Taking into account that a symmetric FE
model has been used, the x-displacement given in Fig. 8 represents
only half of the total dimensional change. Thus, the ring gap opens
0.402 mm and the outer diameter expands about 0.084 mm. Table
2 presents a comparison between the experimental and predicted



Fig. 13. Martensite formation on the C-ring during the cooling simulation (displacement magnified 20�).
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values for the ring distortion. It is seen that the relative differences
for gap opening and outside diameter increase are smaller than 7%.

It has been recognized that distortions caused by heat treat-
ments may be controlled and/or avoided throughout proper selec-
tion of quenching media [19,20], but under some circumstances
this may be impracticable [5]. The present simulation can consider
various quenching media (through their heat extraction character-
istics), allowing satisfactory predictions of quench distortions and
their inclusion in the design and manufacturing steps. In addition,
adequate post-heat treatment forming operations that would elim-
inate the distortions may also be designed.
3.2. Microstructures and hardness

Table 3 displays the values of hardness measured at the various
locations in the cross-sections of the C-rings indicated in Fig. 3. All
values lie between 54 and 55 HRC, indicating the presence of high
fractions of martensite [21], which is confirmed by the metallo-
graphic results in Figs. 9 and 10. Figs. 11 and 12, displaying the
simulated results for the evolution of martensite volume fraction
for various points in the transversal and longitudinal cross-sections
of the C-ring, respectively, also predict high volume fractions of
martensite. This agrees with results from simulations of oil
quenching of 4140 C-rings [16]. The simulated hardness values
lie around 56 HRC, again in agreement with the experimentally
measured values.

Fig. 13 shows the simulated distribution of martensite on the C-
ring surface. The specimen was initially thermally expanded and
austenitized. Starting at 4 s after the quench initiation, it is possible
to observe in Fig. 13 the beginning of martensite formation in the
region close to the C-ring gap. After 10 s, practically all thermal
expansion is absent, but martensite formation is still in progress,
being now responsible for further ring distortions. The situation
after 25 s of cooling shows that the martensite formation in the
thicker portion of the C-ring is associated with the final opening
of the ring gap and of the external diameter of the ring. The liter-
ature indicates that martensite formation is of importance in
quench distortion [22] and that the distortion happens during
the early stages of the quenching process [8,16], as predicted in
this work. The distortion magnitude may vary according to the
C-ring material and dimensions and quenching characteristics.
For stainless steel, for example, the distortion stems from the ther-
mal contraction, resulting in a closing of the C-ring’s gap [8].
4. Conclusions

The experimental quenching of the AISI 4140 steel C-rings in oil
leads to an increase in both ring gap and outside diameter, as well
as to a martensitic microstructure (minimum of 95% martensite) at
all points of the C-ring, with a hardness of about 55 HRC.

The simulation of quenching, using the DEFORM™ software and
thermo-physical material data from JMatPro, led to results very
similar to those obtained experimentally, for both geometric dis-
tortions and final microstructures and hardness. The maximum
difference between the experimental and the simulated values
for the C-ring gap opening and the increase in ring diameter was
about 7%; final hardness prediction was 56 HRC. To the knowledge
of the authors, this is the first time that such an agreement has
been obtained for the distortion caused by quenching of C-rings.

According to the simulation, the geometric distortion of the
C-ring is associated with the austenite to martensite transforma-
tion at the thickest part of the ring, during the final stages of the
quenching process.

The methodology used to predict quench distortion may be ap-
plied to parts of various shapes and materials. Therefore, the heat
treatment process may be included in the process design to obtain
the final product dimension.
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