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Microstructure Variation and Hardness Diminution During Low
Cycle Fatigue of S5NiCrMoV7 Steel
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Abstract: The influence of temperature and hardness level on the cyelic behavior of 55NiCrMoV7 steel, and the mi-

crostructure variation and hardness diminution during low cycle fatigue behavior were investigated. By means of SEM
and XRD, the modality of carbides and the full-width half-maximum (FWHM) of martensite (211) [M(211)] of X-
ray diffraction spectrum in fatigue specimen were studied. The results showed that the cyclic stress response behav-

ior generally showed an initial exponential softening for the first few cycles, followed by a gradual softening without

cyclic softening saturation. The fatigue behavior of the steel is closely related to the hardness level. The hardness

diminution and the variation of half-width M(211) are remarkably influenced by the interaction between the cyclic

plastic deformation and the thermal loading when the fatigue temperature exceeds the tempering temperature of the

steel.
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Hot-work tool steels are widely used in various
heat-treatment (i. e. tempering conditions) states to
obtain the mechanical properties requested by the in-
dustrial application, like hot forging, casting, hot-
rolling, extrusion, where the steel endures cyclic
thermal and mechanical loads"”’, Some of the inves-
tigations indicate that cyclic plasticity is responsible,
in parallel to wear and abrasion, for the tool limit li-
fetime?*), Nevertheless, the fatigue behavior of
steel not only depends on the fatigue test conditions
such as temperature, frequency, strain amplitude,
stress ratio, etc. , but also on the microstructure,
which can be controlled by means of heat treatment.

Some investigations have shown that the inter-
face temperature between the die and the work-piece
surpasses the tempering temperature of the steel. In
such conditions, the steel can be subjected to a con-
tinuous evolution of microstructure and mechanical
properties during service. It is therefore of great im-
portance to derive an anisothermal constitutive mod-
el, which may be able to take into account the great

range of strain rates, the temperature variations, as
well as the effect of ageing. The ultimate aim of
such an approach, which consists in understanding
the interactions between the microstructure and
properties, is to ensure a good prediction of fatigue
behavior to optimize tool design and to derive a more
realistic life prediction model. For this goal, some
models have been investigated during the last years
in the case of stable microstructure'*~"', and more
recently, an anisothermal cyclic behavior model that
takes into account the ageing (tempering) effect of a
martensitic tool steel was proposed by ZHANG™*1,
These models have to be developed based on the ex
perimental results,

This study reports the low cycle fatigue behav-
ior and the microstructure evolution of hot-work tool
steel with four different initial tempering treat-
ments,

1 Experiments
The material investigated is 55NiCrMoV7 hot-
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work tool steel with a chemical composition (mass
percent, %) of C0.56, Ni1l.7, Cr 1.0, Mo 0.5, V
0.1, Si 0.2, and Mn 0.7. The microstructure evo-
lutions of the steel were investigated with SEM
(PHILIPS-X1.30) and XRD (D/max-Illa). The
XRD spectrum was measured in continuous scanning
mode, using CoKa line at 35 kV and 30 mA., The
recording was done for scanning angle ranging from
20—120 (°) at a scanning speed of 4 (°) /min. The
XRD spectrum and data were treated by PowderX''"l,
The quenched microstructure contains martensitic laths
and the tempered one consists of carbides and martens-
ite. To investigate the effect of tempering on the cy-
clic fatigue behavior, samples were manufactured
with four hardness levels for standard industrial ap-
plications. The heat-treatment conditions and the
hardness of the steel are reported in Table 1.

The isothermal fatigue behavior of the steel for
each tempering state was investigated in the 20 —
600 “C range. All fatigue tests were carried out with
an MTS 810 closed-loop servo-hydraulic testing ma-
chine and a Teststar [[ ™ controller connected to a
personal computer., The samples were subjected to
total strain fatigue tests at the following tempera-
tures; 20 ‘C, 300 °C, 400 °C, 500 °C, and 600 C.
The round specimens were mounted in water-cooled
grips and heating was achieved with a 6 kW induc-
tion generator, The temperature was controlled in
the middle of the sample by mechanically applied
thermocouples'™. The strain was recorded using a
12 mm gage length contact extensometer with alumi-
na rods. Cyclic tests were started after heating at a
rate of 200 °C /min and a temperature stabilization of
75 s.

The total strain amplitude is fixed to +0.8%
during all low cycle fatigue tests, whereas the strain
rate is 107 % 57!
lected to reach a near constant cumulative plastic
strain close to 4 mm/mm (i. e. without rupture) for all
tests. The hardness was measured using a Buehler® MI-
CROMET® 2001 type microhardness tester. Thirty

. The number of cycles (N) was se-

Table 1 Quenching and tempering conditions of
fatigue samples

Tempering temperature/C 350 460 560 600
Tempering time/h 2 2 2 2

Hardness (HV0. 2) 570 505 457 374
Hardness (HRC) 50 45.5 42 35

Note: Quenching condition: austenizing at 850 °C for 1 h,

quenching in vacuum

indentations were performed on each sample with 2 N
load. The mean value was considered as the hard-
ness result.

2 Low Cycle Fatigue Behavior

2.1 Typical experimental results

The typical cyclic behavior of the 55NiCrMoV7
steel is shown in Fig. 1 by the Ao/2-N curves. The
results indicate that at 300 °C and 20 “C, the curves
are clearly separated by the stress amplitude and the
hardness level [Fig. 1 (a)]: the semi-stress ampli-
tude increases when the hardness increases, whereas
at 500 C and 600 ‘C, some curves cannot be easily
distinguished. Three of these curves are very close
in Fig. 1 (b) and the curve of the HRC 50 sample is
even lower than that of the HRC 45. 5 sample, This
phenomenon seems surprising and will be discussed
in the following sections. As seen, the semij-stress
amplitude decreases with the number of cycles., The
steel manifests the behavior of eyclic softening under
the loading of cyclic strain regardless of the hardness
of the steel and the test temperature. This softening
can be divided into two phases, which are the rapid
softening phase during the initial cycles followed by
the slow softening phase. The former is generally
explained by the exponential change of the density
and the structure of dislocations. Generally speak-
ing, the latter is related to the modification of the
dislocation sub-structure and carbide in the steel by
the action of cyclic load.
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Fig. 1 Typical A6/2-N curves of 55NiCrMoV7
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2.2 Temperature, hardness, and cyclic behavior
2.2.1

The variation of maximum stress with the test
temperature is shown in Fig. 2. For each hardness
level, the maximum stress decreases with the test

Maximum stress

temperature. The values of the maximum stress of
the steel with higher hardness level are even smaller
than that of the steel with lower hardness level at el-
evated temperature. Fig. 3 shows the evolution of
maximum stress with the temperature difference be-
tween fatigue and tempering of test steel. Fig. 3 can
be divided into two parts; for the left part, the
difference is negative, and the maximum stress de-
creases linearly with the difference for each level of
hardness; at the right part of Fig.3, when the
difference is positive, the maximum stress decreases
more violently because of the interaction of tempera-
ture and stabilization of steel. It is obvious to relate
with the evolution of the steel, i. e. the thermal age-
ing effect.
2.2.2 Intensityof cyclic softening

Fig. 4 presents the evolution of the intensity of sof-
tening at cumulative plastic strain p=4 with test tem-
perature for HRC 35 and HRC 42 specimen. As seen,
the intensity of softening [(6/2) ., — (Ad/2),-,] at
p=4 increases with the increase of test temperature
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from 300 C to 600 °C, and rises with hardness at
each temperature. The value reaches up to 200 MPa
at 600 C for HRC 42 sample. However, the maxi-
mum intensity of softening appears at 20 °C for each
hardness specimen.
2.2.3 Discussion

Fig. 5 shows the relation between the hardness
of the steel tempered and the semi-stress amplitudes
at p=23. It is clear that the semi-stress amplitudes
increase linearly with the hardness of steel tempered
at room temperature and at 300 ‘C. When the test
temperature is equal to or is greater than 400 ‘C, the
semi-stress amplitudes do not follow the former line-
ar relation in the domain of the higher hardness lev-
el. This “unusual” phenomenon becomes more visi-
ble in Fig. 6, in which the maximum stresses during
first loading are drawn with hardness, What is the
root cause for this “unusual” phenomenon? Further
analyses indicated that all points diverged its lineari-
ty happened when the test temperature is equal to or
is greater than the tempering temperature of the
steel. This indicates that the steel is not stable dur-
ing fatigue, and the hardness and the microstructure
can be modified by thermal cycle when the steel is
subjected to temperatures equal to or higher than the
tempering temperatures, even for short times (a
temperature stabilization of 75 s before cycling). It
was testified by some investigations on the evolution
of hardness after cyclic fatigue tests and equivalent
ageing tests’®), As a consequence, the tempered
hardness cannot correctly represent the cyclic behav-
ior of the steel when it is subjected to ageing. It is
necessary to determine an appropriate parameter for
correctly describing such an influence of temperature
in a cyclic constitutive model. Corresponding inves-
tigations will be reported in another article.
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3 Hardness Diminution and Microstructure
Variation During Test

As above-mentioned, the cyclic behavior of the
steel was strongly related to the temperature and
hardness, and obviously to the fatigue-aging interac-
tion. The hardness changes of the test specimens are
shown in Fig. 7 with respect to the difference be-
tween the test and tempering temperatures., When
the test temperature is lower than the initial tempe-
ring temperature, the absolute value of hardness
diminution is low and there is no change with the
temperature difference and the initial hardness level
at room temperature, However, the hardness dimi-
nution is considerably higher and it increases more
rapidly when the temperature difference is positive.
It can even decrease to HV 225 for the HRC 50 sam-
ple tested at 600 °C; here, the hardness after test is
close to 40% of the initial hardness. To investigate the
role of mechanical loads and thermal aging on the evolu-
tion of the steel during test, some equivalent tempe-
ring tests were carried out, and the tempering tem-
perature and time were selected corresponding to
that of the relevant fatigue test (ref. Table 2). The
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Fig. 7 Relation between absolute value of hardness
diminution and temperature difference

hardness measured and the full-width half-maximum
(FWHM) of martensite (211) [M(211)] are repor-
ted in Table 2.

Compared with the initial tempered state, both
the hardness and the FWHM of M (211) decreased
during the fatigue test and during equivalent tempe-
ring. During tempering/aging of steel quenched, be-
cause of the phase transformation promoted by diffu-
sion from an unstable state to a quasi equilibrium
state, martensite with higher density dislocations is
transformed to ferrite with lower density disloca-
tions and globular carbides. Therefore, the hardness
and FWHM of M(211) decrease during tempering/
aging. Further analysis indicated that both the hard-
ness diminution and the FWHM diminution during
fatigue test could be divided into two parts, one is
induced by thermal ¢ffect/aging and another is
caused by mechanical cyclic loads/fatigue. The total
and the thermal hardness diminution increase with
the test temperature, and the total hardness diminu-
tion owes entirely to the mechanical loads at room
temperature (Fig. 8). Thermal hardness diminution
even occurs at test temperature (300 ‘C) that is low-
er than the initial tempering temperature (350 C),
It means that the steel may be aged even if the tem-
perature in service is lower than the initial tempering
temperature of the steel. As known from the hard-
ness evolution, the total FWHM diminution fluctu-
ates with the temperature difference in a small
bound. The thermal proportion in the total FWHM
diminutions increases, but the mechanical propor-
tion decreases with the temperature difference when
the test temperature is higher than the initial tempe-
ring temperature (Fig. 9). The different evolutions
between the hardness diminution and the FWHM



Table 2 Hardness and FWHM of M(211) for HRC 50 specimens

Fatigue test

Initial tempering . , D 00/ Hardness (HV,. ;) FWHM of M(211)
emperature ! uration
temperature/'C C s Before After Total Before After Totel
test test diminution test test diminution

350 20 6 754 570 560 10 1.226 5 0.7307 0.495 8
350 300 5474 581 517 64 1.226 5 0.663 7 0.562 8
350 400 4 799 580 491 89 1.226 6 0.642 9 0.583 6
350 500 4122 584 442 142 1.226 5 0. 688 6 0.537 9
350 600 3 458 584 359 225 1.226 5 0. 5601 0.666 4

Equivalent tempering

Initial tempering T y Darstion/ Hardness (HV;.;) FWHM of M(211)
emperature uration R
temperature/C C s Before After Thermal Before After Thermal
test test diminution test test diminution

350 20 6 760 570 570 4] 1.226 § 1.226 5 0
350 300 5520 581 567 14 1.226 5 1.276 8 —0.050 3
350 400 4 800 580 541 39 1.226 § 1. 149 7 0.076 8
350 500 4140 584 494 90 1.226 5 0.837 6 0.388 9
350 600 3 480 584 446 138 1.226 5 0.5759 0.650 6

diminution are derived from that FWHM of M(211)  observations showed that with the diminution of
is only a reflection of irregularity of the crystal lat- FWHM, the morphology and the dimensions of car-
tice, and the hardness change involves not only from  bides in the steel varied during the fatigue test. As
irregularity of crystal lattice but also from other cau-  seen in Fig. 10, it is evident that compared with
ses for morphology and size of carbides, etc. SEM  the microstructure tempered at 600 °C of the steel
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(a) Before fatigue; (b) After fatigue at 600 C
Fig. 10 SEM morphology of carbides in steel



[Fig. 10 (a)], the carbides become larger and more
round, but the carbides’ sum decreases [Fig. 10 (b)7].

4 Conclusions

(1) The steel manifests the behavior of cyclic
softening under the loading of cyclic strain regard-
less of the hardness of the steel and the test temper-
ature,

(2) The cyclic behavior of the steel was
strongly related to the temperature and hardness,
and obviously to the fatigue-aging interaction.

(3) Both hardness and FWHM diminution
during fatigue test can be divided into two parts,
one is induced by the thermal/aging effect and the
other is caused by the mechanical cyclic/fatigue
loads. The former occurs when the test temperature
is more than the initial tempering temperature and it
augments with the difference between the test tem-
perature and the initial tempering temperature.
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