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ABSTRACT

A disc spring, also known as a Belleville spring, is a conical shell which can be loaded along its axis
either statically or dynamically. It can generate a high force in a very short spring length with minimal
movement when compressed. A novel multi-step austempering heat treatment process is developed to
improve both the hardness and strength of a conventional 60Si2Mn disc spring. In this case, the disc
spring is austenitized at 900°C for 0.5 h, control-quenched to a temperature below Ms (the starting
temperature of martensite transformation) for a very short time, subsequently heated to the Ms point
and holding for a specific time, and finally air cooled to the room temperature. It is found that the
resulting multiphase microstructure consists mainly of prior lenticular martensite formed during
controlled quenching (PM), needle bainitic ferrite (BF), and high carbon enriched retained austenite
(RA). Further observation shows that a nanostructured (BF+RA)nano phase including lath BF and film
RA with a width of about 100 nm nucleates around the PM. Such a microstructure results in uniform
compression behavior, and significantly higher strength and hardness than for a conventional 60Si2Mn
disc spring. This controlled multi-step austempering process is a promising solution for enhancing the
disc spring properties for those applications involving higher loading and fatigue conditions.
Keywords: disc spring, multi-step austempering process, nanostructure, multi-phase, compression
behavior.

1 INTRODUCTION

A disc spring is essentially a flat metal conical shaped spring that can be loaded along its axis
at either the upper inner edge or the lower outer edge. Compared with other types of springs,
it has a number of advantageous properties such as a wide range of load and deflection, high
energy storage capacity with small deflection, long service life under dynamic load and is
adaptable to stacking in numerous configurations [1]-[4]. On the basis of these excellent
properties, the disc spring has been adopted in nearly all areas of technology during the last
several decades [5]. However, with the rapid developments in the automotive, energy (wind
turbines, power plants, energy storage), oil gas, machine tool, railway industries, the
requirements for disc springs have become stricter and require this simple spring product to
have a high fatigue strength with low stress relaxation [6], [7]. Two major approaches have
been pursued to improve the fatigue strength of the disc spring. One is to control the
metallurgical quality such as lowering the impurities or adding vanadium and/or chromium
to the spring steel [6], [8]. However, not all disc spring manufacturers quality controls for the
steels they use, or cover the product cost of alloying. The other approach of great interest is
to produce residual compressive stress in the surface by shot peening [9]-[11]. However,
there are some adverse effects on the fatigue strength caused by excessive shot peening, such
as an increase in surface roughness and an uncontrollable stress distribution in disc spring
surface [12], [13].

It is well known that the most effective way for improving the fatigue resistance is to
increase the strength of disc spring itself[14], [15]. Varshney et al. [16], [17] and our previous
work [18], [19] have shown that, a complex multiphase nano-structure produced by a multi-
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step austempering process can offer an exceptional tensile strength as well as an acceptable
ductility in carbon steels. Therefore, such a multiphase nano-structure may also be useful in
disc springs. However, most studies have been conducted on an austempering heat
treatment above the starting temperature of the martensite transformation (Ms), and only a
limited number of publications deal with the microstructural change and mechanical
performance at the austempering temperature equal to Ms. No studies have been directed at
a commercial product. Thus, the primary objective of this study is to examine whether this
austempering is a viable heat treatment process for a conventional disc spring. Special
attention is given to the influence of austempering time on microstructure and mechanical
properties of the disc spring.

2 EXPERIMENTAL PROCEDURES
The chemical composition of the conventional spring steel (60Si2Mn) used for this study was
Fe-0.64C-1.73Si-0.77Mn-0.19Cr-0.05Mo0-0.03Ni-0.01P (wt.%). Fig. 1(a) is a photograph of
a commercial disc spring made from 60Si2Mn steel and Fig. 1(c) details the dimensions of
the disc spring used for testing. Fig. 1(b) shows the microstructure of such a disc that has
been subjected to the conventional heat treatment process. The microstructure consists of
ferrite (F) and cementite (Cem).
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Figure 1:  (a) Photograph; (b) OM micrograph of as-received disc spring; and
(c) Schematic diagram showing disc spring size for the tests.
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Critical points of steel (Acl, Ac3, and Ms) were selected at 763°C, 772°C or 227°C
according to the equations in [20], and a multi-step austempering heat treatment (MAHT)
process was applied. Fig. 2 schematically presents the heat treatment schedules for both the
conventional and the designed MAHT processes. In the conventional method, the spring disc
is heated to 860°C for 5 to 10 min for austenitization, followed by oil quenching, and was
finally tempered at 460°C for 2 h to achieve the desired tempered troostite microstructure
[21]. During the MAHT process, a disc spring is heated to 900°C for 30 min, then quenched
to 210°C (slightly lower than the Ms) by controlled cooling in a patented water-based
quenching liquid to prevent the formation of pearlite, ferrite or bainite. It is then austempered
at 230°C (around Ms) for varying times, and finally air cooled to the room temperature.
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Figure 2: Schematic of conventional heat treatment and MAHT processes of disc springs.

The load-deflection performance of the disc springs was determined using a DNS100
universal testing machine with a maximum load of 80 KN for 30 s, and a loading speed of
0.5 mm/min. Rockwell hardness measurements were made with a HR-150A Rockwell
hardness tester. The mechanical properties were determined for both conventionally formed
disc springs and the MAHT disc springs. The microstructures were examined using both
optical microscopy (OM) and scanning electron microscopy (SEM). Image-Pro Plus 6.0
software was used to quantitatively evaluate the microstructure.

3 RESULTS AND DISCUSSION

The microstructures of the disc springs austempered at 230°C for 9 and 15 h are shown in
Fig. 3. The optical micrographs (OM) in Fig. 3(a) and 3(c) show that a multiphase
microstructure is obtained consisting of prior martensite (PM, dark black), bainitic ferrite
(BF, grey) and retained austenite (RA, white) either in a film, or blocky, shape. The detailed
SEM observations demonstrate that PM is lenticular with either carbides (Fig. 3(b)) or carbon
clusters (Fig. 3(d)) inside the martensitic laths. A structure of fine lath BF and fine film RA
with dimensions smaller lower than 100nm ((BF+RA)nano) was found locally around the
PM. This is shown in the white dashed circle areas in both Fig. 3(b) and 3(d).
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Figure 3:  (a) OM; (b) SEM micrographs of samples austempered at 230°C for 9 h; (c) OM;
and (d) SEM micrographs of samples austempered at 230°C for 15 h.

The disc compression test results performed for both disc springs heat treated using the
MAHT process and for a conventionally heat treated disc spring are presented in Fig. 4. No
cracks or damage was observed for all disc springs. Hence, the compressive behavior of the
conventional and the MAHT process formed disc springs is comparable. Furthermore, Fig. 4
shows a much higher spring force for the disc springs which were austempered for times
longer than 9 h, compared to a conventional heat treated disc. The maximum spring force at
a deflection of 1.3 mm was increased by 20% compared to the conventional disc spring.

The mechanical properties of MAHT processed disc springs compared with those
subjected to a conventional heat treatment are shown in Fig. 5. It is clear that, the tensile
strength which is obtained from the hardness-tensile conversion table according to the
commercial specification [5], and the hardness increase slightly, when the austempering time
is increased from 6 to 15 h. Comparing the disc springs austempered for 15 h at 230°C with
a conventionally processed disc spring, there is a 47% increase in tensile strength and a 20%
increase in hardness.

It is important to note that the disc springs heat treated by the MATH process show better,
or at least comparable, compressive performance to the conventional disc spring. Moreover,
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Figure 4:  Experimental characteristic force—deflection curves of conventional and MAHT
processes formed disc springs.
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Figure 5: Relationship between tensile strength, hardness and austempering time.

they have a higher hardness, and a higher tensile strength, than the conventional one. It is
well known that the microstructure of 60Si2Mn disc spring is tempered troostite obtained by
quenching and tempering at high temperature as the conventional heat treatment process,
which provides appropriate strength and ductility [22]. Fig. 6 shows that, some microcracks
(conventional heat treatment process) easily form at the confluences of martensitic laths,
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Figure 6:  Schematic of microstructural evolution for conventional heat treatment and
MAHT processes.
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particularly as a large amount of martensite is obtained during quenching. Furthermore, the
hard and brittle carbides will finally precipitate in the subsequent process of tempering at
high temperature, although the Si content in the spring steel is fairly high to suppress
precipitation of carbides during tempering. Thus, if formed, the carbides will be detrimental
to the mechanical properties of disc spring [21], [23].

The microstructure in Fig. 6 schematically indicates that a MAHT process with low
temperature tempering around Ms for longer duration, can potentially favor the formation of
a unique multiphase microstructure. Compared to the conventional heat treatment process, a
smaller amount of prior martensite (PM) is produced by the controlled quenching step in the
MAHT process, which minimizes the possibility of microcrack formation. With respect to
PM, it has been reported [24]-[26] that a nanostructure consisting of bainitic ferrite (BF)
laths and carbon-rich austenite (A+c) films with a size less than 100 nm, prefers to nucleate
around the PM. This is consistent with the microstructural observations in Fig. 3(b) and 3(d)
(white circles). Moreover, at lower austempering temperature around the Ms, the ferrite laths
are much narrower, as well as the austenite films (Fig. 3(b) and 3(d)). Based on these results,
both the nano structure (BF+(A.c)) and fine BF separated by film austenite produce a higher
tensile strength, and higher hardness than the tempered troostite that is produced by the
conventional heat treatment process. The high tensile strength and hardness of a high
performance steel is significant. This is particularly true for medium-carbon alloyed steel,
which is used for disc springs that are exposed to heavy loads [23].

Fig. 5 shows that both hardness and tensile strength increase with increasing austempering
time at 230°C. This can be explained by an increase on both lath BF and film RA with time.
It has been found that the film austenite has a higher carbon concertation, higher dislocation
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density, and higher stability compared with block austenite [27]. Therefore, a disc spring with
various microstructural constituents exhibits superior comprehensive properties due to
synergistic strengthening and toughening effects. When the austempering time is short, such
as 0.5 h, austenite is less supersaturated with carbon and less stable, and thus transforms into
quenched martensite during the final cooling step of the MATH process. This results in a
higher hardness, but degrades the performance under compressive loads.

4 CONCLUSIONS
A novel multi-step austempering heat treatment process for producing disc springs from
60Si2Mn steel is proposed. A disc spring is successfully formed using the proposed process
with comparable or better compression behavior, and a higher calculated tensile strength and
a higher hardness, compared to the conventional heat treatment process. This trend is
attributed to synergistic strengthening and toughening effects from the formation of a nano
multi-phase microstructure.
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