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ABSTRACT

This paper deals with the relaxation behavior of helical compression springs made out of
different types of spring steel wire. The starting point of the examinations marks the creep and
relaxation behavior of similar preprocessed wires prior to the cold forming under torsional
stress. In this context the main influencing factors regarding creep deformations and relaxation
losses are discussed and the particular findings contrasted, which allows for transfer factors to
be deducted. The mathematical models forming the evaluation basis of the experimental data
are based upon the NORTON-BAILEY creep law and utilized to determine creep specific
characteristics and identify material constants. Doing so enables the deviation of calculating
instructions to estimate the relaxation losses of helical compression springs based on numerous
influencing factors. Applying those calculation methods facilitates the deduction of relaxation
figures as well as recommendations regarding the manufacturing process in order to achieve
springs with favorable relaxation behavior.

Index Terms - relaxation, creep, spring steel wire, helical compression spring,
pretorsioning, presetting

1. MOTIVATION AND APPROACH

Reproducibility and accuracy of the machine element "spring" have to meet ever-increasing
demands. During their life cycle, springs are often exposed to high amounts of mechanical stress
and increased surrounding temperatures. This causes creep processes in the material, which can
impair the function of the springs or even lead to their failure. The European standard
EN 13906-1 provides a selection of relaxation figures which fail to meet today’s demands: they
date back to 1960’s, have largely unknown experimental conditions and are only valid for a
relaxation time of 48 hours [1]. It is assumed that no significant creep deformations will take
place after this amount of time, which is not accurate. In order to predict these phenomena and
to keep them as small as possible, knowledge of how they can be mathematically engaged is
required as well as carrying out experiments in which different influencing variables are varied
and with whom creep-related material parameters can eventually be identified.

2. BASIC KNOWLEDGE REGARDING CREEP PHENOMENONS

The phenomenon that solid materials are already beginning to show plastic deformations over
time when being charged with stress conditions below the elastic limit is called "creep". The
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most important factor for creep processes besides the stress present in the material is the ambi-
ent temperature, which a sample or a component is exposed to. The reason therefor being that
creep processes are thermally activated space exchange events, whose extent is strongly tem-
perature-dependent. Creep effects can be separated into three basic mechanisms [2]:
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In the illustrated ASHBY diagram (figure 1), the shear stress at hand is normalized to the shear
modulus and plotted against the ratio of the creep/relaxation temperature 7 to the melting tem-
perature 7s. A temperature limit based on the melting temperature T frequently referred to in
literature above which metallic materials begin to creep is 0,4-Ts. While this can act as a suffi-
cient guideline for many metals, some materials — including spring steel wires — show pro-
nounced creep phenomena even at significantly lower temperatures [4]. Spring wire steels can
thus be assigned to the low temperature creep, which is located in the area of the dislocation
creep. The time course of creep processes is usually displayed with the aid of the resulting creep
rate (strain rate) €, which corresponds to the initial strain speed &, at the beginning of the creep
process. The course of the creep rate, as seen in figure 2, can be subdivided into three charac-
teristic areas of varying duration and practical relevance [2][5]:

e Primary creep — the initially high creep rate steadily decreases as a result of strain hardening
processes

e Secondary creep — the creep rate reaches a minimum value, dynamic equilibrium between
strain hardening and softening processes

e Tertiary creep — the creep rate steadily increases until fracture due to irreversible impair-
ment processes, hardly any significance in practice

The shift of this so-called "creep curve" for higher temperatures towards greater amounts of
strain rate is approximately the same behavior which can be observed with increasing stress.
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The first key phase is the one of primary creep, which connects immediately to the elastic de-
formation. How quickly this area is giving way to the following, depends not only on the tem-
perature, but also on the mechanical stress.

In practice, creep effects can manifest themselves in two different ways. On one hand, an in-
crease in deformation can be observed while applying a constant external load. This phenome-
non is referred to as "creep". If, on the other hand, a constant deformation is being implemented,
the result is a reduction of the mechanical stress prevailing in the material respectively of the
reaction forces/moments, which the component or the test body exerts on its contact elements.
This phenomenon is referred to as "relaxation".

3. MATHEMATICAL APPROACH

There are a number of different approaches regarding the mathematical evaluation of creep
effects. For torsional stress, which is the relevant stress situation when it comes to helical
springs, the three most common ones were adapted by Prof. KOBELEV in [5] and [6].
Based on this, the relations provided by the NORTON-BAILEY law, which is by far the most
frequently used creep law, covering a large stress and temperature range, are used in this paper
by applying them to the obtained experimental results. Creep processes occurring on wires
loaded with torsional stress cause an increase of the twist of the wire — expressed via the torsion
angle ¢(t) — over time, which can be described as [7]:

1k 223 MO 34\
‘P(”:?"'WW'(?,M) (1)

[ represents the length of the twisted piece of wire, d the wire diameter and M the temporally
constant torsional moment, which loads the wire. m and k& are creep related constants, which are
dependent upon the material respectively the testing/practical conditions and have to be deter-
mined experimentally. £ complies with the prevailing creep phase (figure 2) and reaches the
value 1 in the secondary phase, whereas in the primary phase 0 < k£ <1 is valid. The variable m
provides information on the creep mechanism at hand. In the case of diffusion creep, m equals
0, for grain boundary sliding 0 < m < 1 holds true and regarding dislocation creep, m is located
between 3 and 6 (see figure 1) [5]. ¢; 1s an auxiliary parameter, which combines another three

© 2023 by the authors. — Licensee Technische Universitdt llmenau, Deutschland. 3



material-dependent creep constants while also being a function of m and k as well as taking the
influence of the surrounding temperature 7 into account [7]:

celkom,T) = # o) Q)

The other variables in equation 2 are:

e y —creep related strain parameter

e t—creep related time parameter [s]

e T —creep related stress parameter [Pa]

e (.- activation energy of creep processes [J/mol]
e R.—universal gas constant [ 1/mol K]

e T —absolute temperature [K]

When, on the other hand, considering relaxation processes, the over time decreasing torsional
moment of the wire Mi(¢) needs to be described. Regarding torsional stress, the NORTON-BAILEY
creep law delivers a hypergeometric function, which is dependent on the torsional moment
before the start of the relaxation process M [6]:

ST T I
Mi(1) = oF, (L i_4+m'_(.T G-t)'-m-t )'MP (3)

m'm m k

G represents the shear modulus and 1o the maximum shear stress before the start of the
relaxation process. For certain, fix values of m, this expression can be simplified into an
elementary equation. Within the framework of the evaluated experiments, m = 4 has led to a
good correlation between the experimental results and the mathematical model. The
corresponding function, now independent of m, is [7]:

3
docr-GTHtb\ 7

T s s 4)
Mi(t) = M3 ce-G-Th -tk

m =4 is equivalent to the fact that the predominant creep mechanism is dislocation creep, which
seems reasonable in view of figure 1 considering the high levels of stress at hand.
For helical compression springs, relaxation means that the spring is compressed by a fix spring
deflection s and consequently the axial spring force F(¢), which the spring exerts on its contact
area, decreases.

The spring force and the torsional moment loading the wire are directly proportional to one
another and are idealized (which means without consideration of the unsymmetrical torsional
stress distribution in the wire cross section of a helical compression spring. This can be argued
to be justified, considering all of the experiments are carried out with static load) linked via the
following relation, as a function of the mean coil diameter D:

2M; (1)

F() = = (5)

Consequently, the resulting correlations for relaxation processes of helical compression springs
with a constant wire diameter and constant mean coil diameter, take on a very similar form
compared to those for wires under torsional stress. The general relation describing the decrease
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of the spring force F(#) over time as a function of the spring force at hand before the start of the
relaxation process Fo hence results in [5][6]:

1 4 44+ m L'T'G'T(")”'i'n'fk
F(t)= 1| —,—: i K
() 2 (m m m k 0 (6)

Correspondingly, for m =4 [5][6]:
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4. EXPERIMENTAL RESULTS

The experiments carried out consist of creep tests with spring steel wires, relaxation tests with
spring steel wires and relaxation tests with helical compression springs. The majority of the
tests were conducted with spring steel wires under torsional stress because of their considerably
easier implementation while being very close to the actual stress situation of the component
"spring". The results obtained from the tests on wires are opposed to the spring-based relaxation
tests and compared with each other. The following types of spring steel wires with wire diam-
eter of 2, 3 and 6 mm have been part of the creep and relaxation tests:

e Oil hardened and tempered spring steel wire, specifically VDSiCr and VDSiCrV
e Patented drawn spring steel wire
e Stainless spring steel wire, specifically material no. 1.4310

Each of the wire types has been exposed to 2-3 well-established levels of heat treatments (HT)
prior to the creep experiments, while the surrounding temperatures have been varied from 40°C
up to 160°C (dependent on the temperatures that the correspondent springs will be exposed to
in service and according to those mentioned in the European standards). Another variation
parameter comes in form of a pre-torsion (PT) of the wires during which they are exposed to a
certain amount of stress > t,%,4; this is done to counterfeit the process step of (cold) pre-setting
of compression springs.

4.1 Creep tests with spring steel wire

In the context of creep tests on wire, "creep" always means a further increase in the torsion
angle ¢(7) beyond the angle that results from the preset amount of torsional stress, lying entirely
within the elastic range — which means below the torsional yield point 1."04. Within the scope
of the experiments, the torsion angle has been continuously measured over time intervals rang-
ing from 24 to 300 hours. Figure 3 shows the torsional creep device which was designed espe-
cially for carrying out these experiments. For better visualization, the subsequently shown
curves are calculated curve fits based on the measuring points up to a creep time of 100 hours
and are displayed as the percentaged (standardized) increase of the elastic shear strain y result-
ing from creep deformation (equal to the percentaged increase of the elastic torsion angle ¢).
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(a) open, with built-in wires (b) closed, running a test

Figure 3: Torsional creep device

Figure 4 shows creep curves of VDSiCrV wire (d = 3 mm, HT: 350°C/30min) for different
levels of creep stress and creep temperature. The expected pattern of increasing creep
deformation with growing amounts of creep stress as well as creep temperature presents itself
quite clearly with the applied creep stress being predominant. Also, the slopes of the curves
increase with the level of creep stress.

In Figure 5, creep curves of 250°C/30min-HT Pb-patented wire are displayed for various
amounts of creep stress and pre-torsion stress at a creep temperature of 120°C. The positive
effect of pre-torsion can be seen — even though it is far less potent as for the oil hardened and
tempered as well as the stainless spring steel wires. For the latter (d =3 mm, HT: 200°C/30min),
Figure 6 contains creep curves for various amounts of creep temperature at 686 MPa creep
stress. The pre-torsioning reduces the creep deformation significantly. Because of the very low
torsional yield point of the 1.4310-wire — especially with HT at below 200°C — the material
tends to consolidate considerably more through the pre-torsion process than other types of
spring steel wire.
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— Creep stress: 1170 MPa, Creep temp.: 160°C = Creep stress: 1030 MPa, Creep temp.: 160°C = Creep stress: 893 MPa, Creep temp.: 160°C
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Figure 4: Creep curves of VDSICrV wire (d = 3 mm), 350°C/30min heat-treated and with 1450 MPa
pre-torsion stress with various amounts of creep stress and temperature

= Creep stress: 1030 MPa, without Pre-Torsion = Creep stress: 755 MPa, without Pre-Torsion

— Creep stress: 1030 MPa, Pre-Torsion stress: 1120 MPa = Creep stress: 755 MPa, Pre-Torsion stress: 1120 MPa
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Figure 5: Creep curves of Pb-pat. wire (d = 3 mm), 250°C/30min heat-treated, with various amounts of
pre-torsion and creep stress, at 120°C creep temperature
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Figure 6: Creep curves of 1.4310 wire (d = 3 mm), 250°C/30min heat-treated, with various amounts of

pre-torsion stress and creep temperatures, at 686 MPa creep stress

4.2 Relaxation tests with spring steel wire

According to the European standard EN 13906-1 [1] the relaxation is usually determined after
48h. In the context of the relaxation experiments carried out, the decline of the torsional moment
is determined as a function of time for test points in the interval 0 — 96h, more precisely at 0, 5,
24, 48 and 96h.

The four temporal measuring points of the reduced torsional moment M(¢), as well as the curve
fits, calculated by means of equation 4, are displayed by plotting the relaxation loss over the
relaxation time, which is precisely "1 — moment ratio M(¢) / M:*” (for each wire, M, is measured
at the start of the relaxation tests):

Relaxation loss [%] = (1 — M;/I—(ot)) *100 % (8)
t

Figure 7:

Wire relaxation
device
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without Pre-torsion, Relax. temp.: 160°C (_ Pre-torsion stress: 1160 MPa, Relax. temp.: 160°C Pre-torsion stress: 1240 MPa, Relax. temp.: 160°C
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Figure 8: Relaxation curves of VDSiCr wire (d = 3 mm), 350°C/30min heat-treated, with various amounts
of creep temperature and pre-torsion stress, at 900 MPa relaxation stress

Figure 7 shows the wire relaxation device while figure 8 showcases exemplary relaxation
curves of VDSiCr wire (d=3 mm, HT:350°C/30min) for various amounts of creep
temperature and pre-torsion stress at a fixed level of relaxation stress. Increasing relaxation
temperature results in increasing relaxation losses whereas increasing pre-torsion stress results
in decreasing relaxation losses. These observations confirm the assessments of the creep tests
and hold true for the other examined wire types as well.

4.3 Relaxation tests with helical compression springs

Analogous to the procedure for relaxation tests with wires, test points were once again deter-
mined in the interval from 0 — 96h, specifically at 0, 5, 24, 48 and 96h. In this case, the decrease
in spring force represents the measured variable of interest. Relaxation tests with helical com-
pression springs (HCS) have been carried out for springs spanning four spring indexes (w = 3,
5, 8 and 12), heat treatments and wire material are analogous to the wire tests, relaxation tem-
peratures and relaxation stresses as well. As before, the four temporal measuring points of the
reduced spring force F(¢), as well as the curve fits, calculated by means of equation 7, are
displayed by plotting relaxation loss over relaxation time (for each spring, Fo is measured at the
start of the relaxation tests):

Relaxation loss [%] = (1 — %”) *100 % )

Figure 9 exemplary depicts relaxation curves of HCS made of 200°C/30min-HT Pb-patented
wire (d =3 mm, 1200 MPa pre-setting stress) for all four examined spring indexes at 1000 MPa
relaxation stress at various relaxation temperatures. It becomes clear that there is no recogniza-
ble influence of the spring index in regard to the relaxation losses at hand. Once again, this
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observation holds true for all examined types of spring steel wire. The extent of the scatter
bands is strongly dependent upon the quality of the measurement points. Occasional outliers
are more pronounced in comparison to the wire tests, which can, among other things, be at-
tributed to the more complex geometry of springs as opposed to wires, what makes identical
test objects nearly impossible.

5. CREEP SPECIFIC CHARACTERISTICS, GENERAL FINDINGS AND
DEDUCTION OF RELAXATION FIGURES

Overall, the creep processes within all examined types of spring steel wires and thereof made
helical compression springs could be assigned to the creep mechanism dislocation creep (m = 4,
more specific: low temperature creep) as well as to be taking place during the primary creep
phase (k < 1). Furthermore, each combination of wire type and heat treatment could be assigned
a fix value for & via an iteration process. This represents the prerequisite for the subsequent
pictured parametrization of the auxiliary creep parameter ¢; based upon the creep tests with

-+ *Polynomial, 40°C - - * Polynomial, 80°C - - * Polynomial, 120°C
— Logarithm, 40°C — Logarithm, 80°C — Logarithm, 120°C

49
5.x10 b

Figure 10:
Creep parameter ¢; with respect to the
torsional yield point t:",04 at various creep

temperatures; depicted for multiple basis

' ' ' ' functions (exemplary for one combination
900 1000 1100 1200 1300

T [MPa] of wire type and heat treatment) [7]
10, 04
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wire. Adapted from the examined levels of pre-torsion stress and creep temperature, correla-
tions with regard to ¢: could be derived, enabling creep deformation to be noted as a function
of these parameters in addition to creep time and stress. This was done for each wire type with
their respective heat treatment. For one of these, figure 10 shows c: with respect to the torsional
yield point of different levels of pre-torsion stress for various creep temperatures and multiple
basis functions. The Parametrization of ¢: (figure 11) enables the coverage of intermediate
ranges between the actual test points during experimentation as well as extrapolation.

5.x10
-49
4.x 10
1 3.x10™"
X
¢ +1 .
| skpa” 5 iy Figure 11:
4 Creep parameter c;as a
1.x10 .
function of creep
o0 i teimpera‘Fure 3nd torsional
1000 e : yield point t; 0,04 [7]
1200 320 Creep temperature T[K
T og L MP2] e 300 p temp (K]

On the basis of the supplemental relaxation tests (both, with spring steel wire and helical
compression springs) transfer factors to adapt creep parameters from one application related to
creep processes to another could be determined [8]:

»1est data base*

calculation

Creep wire ——| (depending on

spring geometry),

transfer factor
F

trelax wire,creep wire

— Creep spring

oo

multiplicative linkage Figure 12:
F

a,relax spring,relax wire

Fl

relax wire creep wire *

Procedure to transfer creep
parameters characterizing

/

) creep of spring steel wires
Relaxation wire adjustment factor Relaxation spring to creep and relaxation of
F s retax spring reiax wire (helical) compression

springs [7]

In order to facilitate the practical application of these findings, they were converted into
relaxation figures of many different presentations — including but not limited to the depiction
in the European standard (48 h relaxation time with respect to relaxation stress). This allows
for a better interpretation of those figures and provides an opportunity to grasp deviations when
it comes to modern day materials. Figure 13 contrasts one of these relaxation figures for SiCr-
wire (d =3 mm, HT: 350°C/30min) with the respective curves of the European standard.
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=== d =3 mm, Relax. temp.: 160°C, pre-set, EN 13906-1 === d=3 mm, Relax. temp.: 80°C, pre-set, EN 13906-1
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Relaxation loss [%0]
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Relaxation stress [MPa]
Figure 13: Comparison of relaxation loss from calculated curves (d = 3 mm) as a function of relaxation
stress for helical compression springs made of SiCr wire, 350°C/30min heat-treated, after 48h relaxation
time, for various amounts of relaxation temperature; complemented with standard curves

6. CONCLUSION

The experimental examinations have shown that the NORTON-BAILEY creep law is well suited
to represent the creep and relaxation behavior of spring steel wires and helical compression
springs satisfyingly. The resulting creep parameters suggest the creep mechanism at hand to be
dislocation creep (m = 4) and locate all creep processes up to 300 h of creep time in the primary
creep phase (kK < 1). As expected, the creep and relaxation losses increase with increasing
amounts of creep, respectively relaxation, stress and temperature. With regard to the effect of
heat treatment, it can generally be stated that heat treatment has a positive effect on the
creep/relaxation behavior of spring steel wires, respectively helical compression springs made
therefrom. The same was found to be true for cold pre-setting — though with different magnitude
for the individual types of spring steel wire. The relaxation behavior of helical springs could
not be found to be dependent upon the spring index.

As far as the individual types of wire are concerned, it has been found that the 420°C/30min
HT leads to considerably greater creep/relaxation losses than the 350°C/30min HT in case of
SiCr wire. As for Pb-patented wire, the two respective heat treatments are approximately at the
same creep/relaxation level, even though 250°C/30min HT results in slightly more pronounced
creep/relaxation processes. For both, oil hardened and tempered spring steel wire and patented
drawn spring steel wire the wire diameter was found to have an effect on the creep/relaxation
behavior — albeit much more pronounced for the patented drawn wire. It was possible to roughly
differentiate between “thick” (d > Smm) and “thin” (d <5 mm) wires, whereas the thick wires
show greater losses.

In the case of the examined 1.4310 wire, the creep/relaxation losses decrease continuously with
increasing temperature during the heat treatment: 200°C/30min HT leads to the most distinct
creep/relaxation processes, the 400°C/30min HT to the least.

Through parametrization with respect to the influencing variables, relaxation figures as
functions of creep time, stress and temperature could be generated that complement and exceed
those depicted in the European standard.
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Following the initial creep studies, long-term creep tests (appr. 1 year) were carried out, which
showed that the creep parameters found work conservatively for extrapolated estimates and are
thus useful for long-term considerations as they are often requested in practice.
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