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Abstract

In the last decade, the heat energy dissipated in a unit volume of material per cycle (the Q parameter) has been adopted by the
authors as a fatigue damage indicator of metallic materials. The advantage of using such a parameter is that it can be readily and
in-situ measured at a point or a component undergoing fatigue solicitations. Geometrical, mean stress and variable amplitude
(limited to two stress-level tests) effects have been successfully analysed by using the Q parameter. Concerning geometrical
effects, approximately 160 experimental results generated from constant amplitude, completely reversed, stress- or strain-
controlled fatigue tests on plain or notched hot rolled as well as cold drawn stainless steel specimens have been rationalised.
Afterwards, the heat-energy based approach was extended to include the mean stress effect, by using a thermodynamic fatigue
damage variable that combines two parameters, i.e. Q and the thermoelastic temperature achieved by the material at the
maximum stress of the load cycle. Finally, Q was used to rationalise two stress-level fatigue test results, by using the Q-based
fatigue curve combined with Miner’s rule. In this paper, the theoretical background and the application of the energy-based
approach are reviewed in order to analyse all previously mentioned effects, focusing mainly on the mean stress and the variable
amplitude, two stress-level effects.
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1. Introduction

Fatigue of metallic materials is an irreversible process, accompanied by microstructural changes, localised plastic
strains and energy dissipation, which requires a certain amount of mechanical energy in a unit volume of material,
W. Only part of this energy is accumulated in the form of internal energy, E,, which is responsible for fatigue
damage accumulation and final fracture. The remaining part is dissipated as heat [1], thus translating into some
temperature increase during fatigue testing. The thermal energy dissipated in a unit volume of material per cycle (the
Q parameter) has been adopted as a fatigue damage indicator during fatigue tests of stainless steel specimens and a
relatively simple experimental technique has also been proposed to estimate Q from in-situ measurements of the
temperature at the surface of a specimen or a component [2]. Similar to W, Q is thought of as a material property, i.e.
it is independent, within certain limits, of the thermal, mechanical and geometrical boundary conditions of the
laboratory fatigue tests [3]. Then, the specific heat loss per cycle Q at a given point of a component (similar to the
plastic hysteresis energy) depends only on the applied load cycle, defined by amplitude, mean value and stress state.

The Q parameter was initially adopted to rationalise geometrical effects in fatigue of metallic [3-7] as well as
composite materials [8]. Afterwards, the heat-energy based approach was extended to include the mean stress effect
[9], as well as to rationalise two stress level fatigue test results of steel materials [10]. Finally, in order to extend the
heat energy method to severely notched or cracked materials, the specific heat energy per cycle was averaged in a
control volume of material, Q*, located at the notch or crack tip [11].

In this paper, the theoretical basis of the Q-based approach is first reviewed along with its applications in notch
fatigue with zero mean stress. Subsequently, its more recent extension to include the mean stress as well as the two
stress-level effects in fatigue are presented.

2. Theoretical background at constant amplitude, zero-mean stress loading

The first law of thermodynamics applied over one loading cycle to a unit volume of material, V, can be written as

(2]

IW-dV:I(Q+AU)~dV (1)
\ A%

W being the input mechanical energy (the area within the hysteresis cycle), Q the dissipated thermal energy and
AU the variation of internal energy. Eq 1 can be written considering the mean power exchanged over one loading
cycle:

J.(j:cij~deij)-fL-dV=IH~dV+J.(p~c-aTgt(t)+Ep)-dV 2)
\% A\Y

v

where f} is the load test frequency, H=Q-f; is the thermal power dissipated by conduction, convection and
radiation, p the material density, ¢ the specific heat and E, the rate of accumulation of damaging energy in a unit
volume of material. Since Eq. (2) considers the rate of energy contributions averaged over one cycle, the
thermoelastic effect does not produce a net energy dissipation or absorption over one loading cycle, consisting of a
reversible exchange between mechanical and thermal energy. Therefore, the mean temperature evolution T, (t) (see
Fig. 1) appears in the right side of Eq. 2. When temperature stabilises, the first derivative of T (t) becomes null,
therefore Eq.2 simplifies to:

[(foy-aey)-t-av=[H-av+ [E,-av 3)
\% v \Y%



G. Meneghetti et al. / Procedia Engineering 213 (2018) 313-322 315

If referred to a point on the specimen’s surface, Eq. 3 becomes
W-f, =H+E, “)

Suppose now to stop suddenly the fatigue test at t=t* (Fig. 1): then just after t* (i.e. at t=t*+) the mechanical input
power W-fi as well as the rate of accumulation of fatigue damage E, will vanish. By writing again the energy balance
equation (2), one can obtain:

p.C.@

- --H ()

t=(t%)"

It is worth noting that the thermal power H dissipated to the surroundings just before and just after t* is the same
in Eq. (4) and in Eq. (5), respectively, because the temperature field is continuous through t*. Finally, the thermal
energy released in a unit volume of material per cycle can be calculated by simply accounting for the load test
frequency, fi:

pre 210
Q= H_ t=(t*)" 6)
fL fL

Eq. (6) enables one to measure readily and in-situ the specific heat loss Q at any point of a specimen or a
component undergoing fatigue loadings. In all the experimental tests carried out by the authors, Q was found quite
constant during a single fatigue test.

F(t)
T(t)

T®
Tun(t)

o) t* t

Fig. 1. Evaluation of the cooling gradient Eq. (6) during a fatigue test.
3. Analysis of geometrical effects in constant amplitude, fully reversed fatigue loading

As stated above, the Q parameter was initially adopted to rationalise in a single scatter band approximately 160
experimental results generated from constant amplitude, completely reversed, stress- or strain-controlled fatigue tests
on plain or notched hot rolled stainless steel specimens, having notch radius r,=3, 5, 8 mm [3,4] and r,=0.5, 1 and 3
mm [5-7], as well as from cold drawn un-notched bars of the same steel, under fully-reversed axial or torsional
fatigue loadings [12]. Fig. 2a shows the axial and torsional fatigue test results in terms of net-section stress
amplitude ©,, or t,, respectively, the mean curve and the 10%-90% survival probability scatter band. The same
fatigue data reanalysed in terms of Q are shown in Fig. 2b. In particular, the 10%—-90% scatter band shown in the
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figure was fitted only on the fatigue data published in [3]. However, Fig 2b shows that the same scatter band can
interpret all fatigue data.

As it can be shown in the next Fig. 4 and according to [13], the Q parameter is influenced by the presence of a
mean stress different from zero and then it can not correlate fatigue data obtained in different mean stress condition.
Therefore, in [9] the Q energy-based was extended to overcome this drawback, as discussed in the next section.
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Fig. 2. Fatigue test results reanalysed in term of net-section stress amplitude (a) and of specific heat energy (b). The scatter band was calibrated
only on data published in [3] (notch opening angle *=90°, **=135°).

4. Analysis of the mean stress influence in constant amplitude fatigue

The presence of a mean stress different from zero was included in the energy-based approach [9], inspired by
stress as well as strain-based approaches available in literature. Some of these are based on the combination of two
different mechanical parameters: the amplitude (or range) of the driving force and its level, by means of its
maximum level. As an example, dealing with Fracture Mechanics field, Walker [14] and more recently Vasudevan et
al [15], Kujawski [16,17] and Stoychev and Kujawski [18] suggested to use an equivalent stress intensity factor to
correlate crack growth data obtained from fatigue tests carried out at different load ratios, according to Eq. 7

AK gy = AK Ky, (M

where AK, K,.x are the range and the maximum value of the stress intensity factor, respectively, and o is a best
fitting parameter to be determined by fitting the experimental data. Regarding strain-based approaches, Smith,
Watson and Topper [19] proposed the SWT parameter to include the mean stress effect in the strain-life approach to
notch fatigue

SWT=/o,,. -E-s, (8)

being o, E and g, the maximum stress, the material elastic modulus and the elasto-plastic strain amplitude,
respectively. In [9], the amplitude and the maximum level involved in Eq (7) and Eq (8) were considered from a
thermodynamic point of view, i.e it was assumed that the fatigue strength is correlated to a thermodynamic exchange
variable (the amplitude of the driving force) as well as to a state variable, corresponding to its level. Accordingly, the
Q parameter was identified as the exchange variable, whereas the thermoelastic temperature T, was assumed as the
state variable. More precisely, the thermoelastic temperature Ty, has been assumed equal to the temperature that
would be reached by the material when loaded at the maximum stress level of the fatigue cycle, G, in an adiabatic
process. Therefore, the following fatigue life equation was proposed to rationalise the mean stress influence on axial
fatigue:
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h m
Q- (r{;—hJJ ‘N = (G)m -N; =const )

0

where h and m are material constants that can be calculated fitting the experimental data and T, is the material
temperature at the beginning of the adiabatic loading process. Regarding Ty, it can be evaluated experimentally by
loading the material in its elastic field and then by measuring the corresponding temperature variation or it can be
easily calculated from Eq. 10, which relates Ty, to the maximum applied stress:

T
T p-c

where a is the material thermal expansion coefficient. It is worth noting that in the case of cold drawn AISI 304L
stainless steel as well as quenched and tempered C45 steel, adiabatic conditions can be easily achieved in standards
laboratory tests [9] and the following thermoelastic constants were measured K= 3.75-10"? Pa™ and 2.75-10"? Pa™,
respectively.

The proposed approach was validated by considering two different materials, namely 25-mm-diameter bars made of
cold drawn AISI 304L or hot rolled quenched and tempered (Q&T) C45 steel, having the mechanical properties and
the chemical composition listed in Table 1. For the details of specimen geometry as well as experimental tests, the
reader is referred to [9]. In this paper, it is mentioned that constant-amplitude stress controlled fatigue tests were
carried out by imposing four different load ratios R (R=-1.5 (R=-2 for Q&T C45), R=-1, R=0.1 and R=0.5). During
each fatigue test, at least 5 stops were performed in order to measure the cooling gradient and to monitor the Q
parameter evolution, according to Eq. (6). The stainless steel had a material density p and the specific heat ¢ equal to
7940 kg/m’ and 507 J/(kg K), respectively [20]. For the Q&T C45 steel, p was assumed equal to 7850 kg/m’ and ¢
equal to 486 J/(kg K) [21]. The specimen’s temperature was measured by using copper-constantan thermocouple
(Type T) wires having diameter 0.127 mm, which were fixed at the specimen’s centre by means of a silver-loaded
conductive epoxy glue. Temperature signals generated by the thermocouples were acquired by means of a data
logger Agilent Technologies HP 34970A operating at a maximum sample frequency, f,.q, equal to 22 Hz.

Table 1. Cold drawn AISI 304L stainless steel and quenched and tempered C45 material properties.

Material E Rpo2, Ry R A C Si Mn Cr Mo Ni Cu
[MPa] [MPa] [MPa] [%] [wt%] [wt%] [Wt%] [wt%] [wt%] [wt%] [wt%]

AISI 304L 192200 468 691 43 0.013 0.58 1.81 18.00 0.44 8.00 0.55

Q&T C45 205500 580 771 25 0.46 0.24 0.63 0.15 0.02 0.08 0.10

Fatigue tests results are shown in Fig. 3 in terms of the engineering stress amplitude o, for AISI 304L and Q&T C45
specimens. The figure reports the mean curves, the 10%-90% survival probability scatter bands, the inverse slope k,
the reference fatigue strength o4 500, €valuated at N,= 2 million cycles with a survival probability equal to 50%, and
the stress- as well as the life-based scatter index Ty (To= Ga 109/ Gao0%) and Ty, respectively. The experimental
data were statistically analysed under the hypothesis of log-normal distribution of the number of cycles to failure
with a 95% confidence level. As it can be expected, both materials are sensitive to the stress ratio.

As stated above, during a single fatigue test several stops were made to monitor he evolution of Q parameter. It was
observed that in the case of stainless steel specimens, Q values ranged between 0.01 and 5 MJ/(m’-cycle), that means
a factor of 500, in spite of a variation of o, from 155 to 400 MPa, i.e a factor of only 2.58. Regarding Q&T C45
specimens, Q varied from 107 to 1.2 MJ/(m’ cycle) (i.e. a factor of 1200), in spite of a variation of the stress
amplitude from 150 to 400 MPa, that means a factor of only 2.67 [9].

The fatigue tests results plotted in Fig. 3 were reanalysed in terms of the Q parameter measured at the 50% of the
fatigue life or 2 million cycles in the case of run-out specimens. Results are shown in Fig. 4a and 4b for AISI 304L
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and Q&T C45 steel, respectively. Q“-N;=const is the expression of the mean and the 10% - 90% survival probability
curves fitting the experimental results with a confidence level of 95%. It can be observed that Q4 5o, value of the
AISI 304L is always higher than that of Q&T C45 steel for the same stress ratio, a factor ranging from 2.6 (R=0.5) to
3.7 (R=0.1) being valid. Finally, Fig. 4a and 4b show that the specific heat loss Q can not rationalise the fatigue data
generated at different load ratios. Therefore, Eq. 9 was adopted to correlate the fatigue data [9].

(b) T =
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500F & R-1; Or502=292 MPa; k=20.5; Tno=11.5 500 O R-L; 0a 50 =322 MPa; k=24.5; T =11.1
& R=0.1; 0 500=226 MPa; k=22.0; Ty0 =9.55 AR=0.1; 64500208 MPa; k=11.6; T0 =7.73
X R=0.5; Gas0%=155 MPa; k=23.2; Ty =18.4 400 XR=0.5; 0a50%=168 MPa; k=15.0
= 400 =
s =
= 300 = 300
o} o N
S
200-
200 e
H—
AISI 3041 Na Q&T C45 Na
100 I EENENI] [ENENNEN| L i L 100 Ltr il Ll 1 N W]
10° 10* 10° 106 107 10* 10° 10° 107
Nr, number of cycles to failure Ny, number of cycles to failure

Fig. 3. Fatigue test results for the (a) AISI 304 L and (b) Q&T C45 steel specimens in terms of stress amplitude for different load ratios. Scatter
bands are defined for 10% and 90% survival probabilities.
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Fig. 4. Fatigue data analysed in terms of specific heat loss. Scatter bands are defined for 10% and 90% survival probabilities.

Once K,, is measured or calculated, the thermoelastic temperature relevant to each specimen was calculated
according to Eq. 10. Then having Q, |Tthe| /T0 and the number of cycles to failure N for each specimen, the material
parameters h of Eq. 9 was calculated as follows. The experimental results were plotted in a Q versus |Tthe| /TO
diagram, using N¢ as a parameter, according to Fig.5. By considering all available data and independently of the load
ratio R, the fatigue test results were divided in different groups, according to the number of cycles to failure. Dashed
regression lines in the log-log diagram of Fig. 5 were calculated for each group. Considering the limited variation of
h, it can be concluded that Q=Q-(T,,./T,)" can be considered an efficient fatigue damage parameter, being h a
material parameter, which describes the sensitivity to mean stresses. The lower h is, the weaker the material
sensitivity to the mean stress. Fig. 5 shows a resulting value of h=4.03 for AISI 304L and 2.76 for Q&T C45.

Fig. 6 shows that all the fatigue data reanalysed in terms of Q, according to Eq.(9), fall in a single scatter band,
independently of the load ratio. The hypothesis of the log-normal distribution of the number of cycles to failure with
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95% confidence level was adopted. Fig. 6a and 6b report the mean line, the 10% - 90% survival probability curves,
the inverse slope m, and the temperature-corrected energy- Tg and the life- Ty 5 scatter indexes, for AISI 304L and
Q&T C45, respectively. By comparing the Ty in Fig. 6 with the Ty, and Ty indexes reported in previous Figs. 3
and 4, it can be observed that new Q parameter is able to rationalise all fatigue data into a single scatter band valid
for each material, having a constant slope from 10° (10* for Q&T C45 steel) to 2-10° cycles, despite the different
load ratios involved.
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Fig. 6. Fatigue data of Fig. 4 analyzed in terms of ( . Scatter bands are defined for 10 and 90% survival probabilities.
5. Analysis of two stress-level loading

The Q parameter was successfully adopted to rationalise fatigue data obtained by carrying out two stress-level
fatigue tests on plain specimens, machined from 6-mm-thick hot rolled AISI 304L stainless steel sheets, having the
material properties listed in Table 2 [10]. First, constant amplitude fatigue tests were carried out to evaluate the
material stress-life curve and the fatigue limit, 6, _;, by means of a stair case procedure at 10 million cycles. Then
two-stage fatigue tests were conducted, the second stress level being applied up to the specimen’s failure or to 10
million cycles (run-out specimen). Both High-Low (HL) and Low-High (LH) load sequences were adopted. In [10],
in order to measure the Q parameter by Eq. 6, surface temperature was monitored by using a THERMOVISION
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A40 infrared camera with ThermaCAM™ Research 2.8 SR-1 software for image processing. For additional details,
the reader is referred to [10].

Results of constant amplitude fatigue tests reanalysed in terms of stress-amplitude as well as Q parameter are
shown in Fig. 7a and 7b, respectively, with the inverse slope of the curves k, the stress-based T, as well as the life-
based scatter index Ty . One can observe that the life-based scatter index relevant to the Q-based scatter band Ty is
lower than Ty, since it was experimentally observed that for the same applied nominal stress amplitude the lower
the number of cycles to failure, the higher the Q values, as it can be seen by considering the data marked by the “#”
symbol.

Concerning the two-stage fatigue tests, four different load sequences were analysed for both HL and LH fatigue
tests and different fractions of fatigue life n/N¢ were spent in the first stage.

(@ 500 b) 6 S
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| k=23.0 X # broken .
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Fig. 7. Constant amplitude fatigue test results reanalysed in terms of (a) stress amplitude and (b) Q parameter. Scatter bands are defined for 10%
and 90% survival probabilities.

Table 2. Hot rolled AISI 304L stainless steel material properties.

E Ry R A C Si Mn Cr Mo Ni Cu
[MPa] [MPa] [MPa] [%] [Wt%] [Wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
194700 315 700 66 0.020 0.34 1.67 18.00 0.44 8.08 0.29

Damage D induced during the two-stage fatigue tests was evaluated according to Miner’s rule [22]:

2
n. n n
D= _1:_L+_H (ll)
;N Nep New

1 1

where n; and ng are the number of cycles expended at low and high stress amplitude, respectively, while N¢ and
N¢y are the relevant number of cycles to failure, that can be assessed on the basis of the stress- (see Fig. 7a) or Q-
based curves (see Fig. 7b). Results are reported in Fig. 8a and 8b, respectively. Figure 8a compares the experimental
results with Miner’s hypothesis (D=1) based on the 50% survival probability S-N curve: the horizontal and the
vertical axis represent the life fraction spent at low and high stress level, respectively. Better agreement with Miner’s
rule exists for HL than for LH load sequences [10]. Moreover, when two load level fatigue test results are re-
analysed in Fig. 8b by using the energy parameter Q as damage variable, much better agreement with Miner’s rule is
obtained. In the authors’ opinion, this result can be interpreted as a better capability of the Q parameter to account
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for the actual material cyclic evolution with respect to the applied stress amplitude. In [10], this effectiveness of Q
was justified recalling that the Miner’s rule was originally proposed on the basis of energy considerations [22]. In
fact one can suppose that, in constant amplitude fatigue tests, E, is a function of o,, Ey(c,), and it may be assumed
constant with loading cycles, at least as a first approximation. However, E, depends also on the previous stress
amplitude in two-stage fatigue tests. Conversely, the specific energy stored in a unit volume of material at fatigue
fracture, E, ¢ is a material constant at fracture and it is independent of the applied stress amplitude. In a two-stage
fatigue test with first stress amplitude equal to G, and second stress amplitude equal to o,, the energy stored at
fracture E, scan be expressed as:

Ep,f = Ep (Gal)' n;+ Ep (GaZ)' n, (12)
Being a material property, E, ¢ can be expressed by considering the E, values, E,; and E,,, relevant to constant
amplitude fatigue tests, where we suppose that the damage accumulation rate is equal to that observed in the two-

stage test, respectively, i.e. E;;=E,(c,1) and E,,=E,(Gy,). Therefore, being E, ¢ =E[; -N¢; =E_, -N¢ 5 , we have:

Ep(cal)'nl i Ep(GaZ)'HZ -1

(13)
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Fig. 8. (a) Stress- and (b) energy-based two — stage fatigue test results.

It should be noted that G, is the applied constant stress amplitude in order to have E,;; however, due to the effects
of the previous load history on cyclic material behaviour, the stress amplitude to be applied to have E; is not c,,.
Eq. (12) is the Miner’s rule and it says that the number of cycles Ny must be that relevant to the damage
accumulation rate actually existing during the considered load stage. For the same applied stress amplitude, different
damage accumulation rate might exist due to different evolutions of the material cyclic behaviour or to previous load
history effects. Differently from the applied stress, the specific heat loss Q proved to better take into account the
actual damage accumulation rate existing during the considered load stage.

6. Conclusions

This paper presented a review of the theoretical and experimental activity carried out by the authors in the last
decade to conceive and apply a new energy-based fatigue damage indicator, which consists in the heat energy
dissipated by a unit volume of material per cycle, i.e. the so-called Q parameter. After recalling the theoretical frame
and the experimental technique developed to measure Q, the paper is focused on the recent extensions made by the
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authors to account for the mean stress effect and variable amplitude, two stress-level fatigue test results. In the
former case, the Q-based approach was developed by using a thermodynamic fatigue damage variable, Q , that
combines two parameters, i.e. Q and the thermoelastic temperature achieved by the material at the maximum stress
of the load cycle. The Q parameter allowed the fatigue data to be rationalised in a single scatter band, valid for each
analysed material, namely a cold drawn AISI 304 L and a hot rolled quenched and tempered C45 steel subjected to
different load ratios. Concerning two stress-level fatigue tests, constant amplitude and two-stage loading fatigue
tests were performed on an AISI 304 L stainless steel material. Results were presented both in terms of applied
nominal stress amplitude and in terms of the Q parameter. Two-stage loading results were compared with
estimations based on Miner rule. It was found that when using the energy parameter as damage variable better
correlation was obtained. The reason for that was attributed to the nature of the energy parameter which measures
the actual material response to the external applied stress.
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