Int J Fatigue 11 No 3 (1989} pp 177-182

cast austenitic

D Rittel and 1. Roman

Janganese steels

The cyclic properties of coarse-grained cast austenitic manganese (Hadfield) steels
were studied. The material cyclically hardens, with a pronounced memory effect which
is common to austenitic steels. The cyclic flow curves were different for the wrought
and the cast condition of the material; however low cycle fatigue properties are similar
for the two conditions. Typical features of monotonic deformation and fracture (/e
orange peel and surface coarse slip bands) were also noted on the surface of compact
tension specimens used for fatigue crack growth rate measurements. Contrary to the
monotonic case, these deformation features do not markedly affect the cyclic cracking

process.
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Cast austenitic manganese (Hadfield) steels have long been
known for their outstanding wear and toughness properties,
and these subjects have been exteasively studied! On the
other hand, work on the cyclic properties of these steels
is less documented. Available research on fatigue properties™™
has focussed on hot-rolled Hadfield steel with the main
purpose to investigate the effect of intermittent overload
peaks and to test different materials for their encrgy absorp-
tion capacities.

In response, this paper reports and discusses basic cyclic
propertics of coarse-grained cast austenitic manga~
nese steels per s, and the results are compared with
available data on hot-rolled material. The eyclic properties
of this steel ere of additional interest since coarse-grained
materials in general exhibit characteristic transitional
mechanical properties (from single to true polycrystalline),
along with the fact that Hadfield steels in particular possess
a special combination of strain-hardening and tensile ducti-
lity.

Experimental
Materials

Four commercial heats of cast austenitic manganese steel
were employed, and their composition and monotonic
mechanical properties are listed in Tables 1 and 2,
respectively Heat MS1 is of standard Hadfield composi-

Table 1. Composition {in wt%) of the investi-
gated heats

Element C  Mn Si P S Cr Ni Mo Ti
Heat

MS1 125 131 047 (0030 0008 013 01 - -
MS4A 106 134 0.87 005% 0003 1.30 - 066 014

MS4B 141 126 071 0047 001 111 026 089 004
MSAC 113 125 055 0028 001 114 024 059 006

tion; small additions of alloying elements were introduced
in the other heats. The hasic casting procedure, solation
heat treatment and resulting microstructure have been
reported previously 57 It is worth mentioning that the
materials’ microstructure is fully austenitic and grain sizes
vary from hundreds of microns to one mm. The material
is sound and few carbides are discernable. The dendritic
pattern does not disappear as a result of the solution heat
treatment and can be observed after repeated etching. All
the specimens were initially rough machined and final dimen-
sions were obtained by fine grinding to avoid the formation
of a hardened surface layer which is characteristic of Hadfield
steels.

Cyclic mechanical properties

Round low cycle fatigue (push-pull} specimens, 6.25 mm
in diameter, were employed for the determination of cyclic
mechanical properties. A longitudinal clip gauge was used
for the determination of the applied longitudinal steain. Test-
ing was performed on a closed loop servo-hydraulic tensile
machine (MTS 810), and specimen alignment was ensured
by utilizing a Wood’s metal grip The cyclic mechanical

Fig. 1 Typical strain control mechanical hysteresis loops {load vs
strain)
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properties were determined from s single specimen after
stabilization, employing the block method followed by
pulling to fracture as recommended 8 Testing was carried
out at room temperature in aix

s
Strain vorsus oycles to failure

Sustained strain verses number of cycles to fracture was deter-
mined employing the push-pull specimen described Testing
frequency was 20Hz.

Crack growth rate

Precracked compact tension specimens (30 mm width) were
utilized for fatigue crack growth rate determination.
According 1o ASTM EG647-83 requirements regarding speci-
men dimensions,” the effective strength was wken as the
mid-value berween yield and true fracture strenpgth of the
material, 2 875 MPa. The true fracture strength was
employed instead of the ultimate tensile strength, since Had-
fleld steels fracrure withour necking.'67 Crack advance was
monitored with a wravelling optical microscope and data
reduction to dafdN rersur AK was done according to recom-
mended procedure.?

Resuits and discussion
Cyclic mechanical properties

Typical strain-control mechanical hysteresis loops, shown in
Fig 1, were recorded during initial cycling of the specimens
These loops are indicative of cyclic hardening behaviour
of the cast material, similar to previous observations for
the wrought condition 24 Therefore, the rule of thumb which
predicts cyclic hardening or softening on the basis of the
static mechanical properties is obeyed too.’0 The cyclic 0.2%
vield strength of the various heats is given in Table 3, along
with the stabilization strain and the ratio of the eyclic o
monotonic yield strength. Despite seabilization, a strong
dependence of the cyclic strength upon stabilization strain
exists, and they both increase concurrently. Therefore, cyclic
vield strength cannot be specified as a material property
as it depends on the previouss mechanical history, This fact
was not noted previously for Hadfield steels, whereas a simi-
lar memory cffect has been reported in studies of austenitic
stainless steel 112 Moreover, it has been established that a
unique cyclic stress-strain curve is characteristic only of
materials exhibiting wavy slip,?? and that those do not include
Hadfield or austenitic stainless steels, It therefore seems that,
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Fig 2 Typical eyclic (C) and monotonic (M) stress-strain curves
(8 indicates stahilization strain)
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Fig. 3 Typical strain-life curves for the four investigated heats: (a)
MS1; (b) MS4A; (C) MS4B; and (d) MS4C
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in general, austenitic steels cannot be characterized by a
unique cyclic stress—steain curve. This situation imposes limi-
rations on the applicability of the single specimen technique.
In addition, bearing in mind that plastic deformation is a
path dependent process, it is recommended that stabilization
strain be mentioned when reporting cyclic mechanical prop-
erries.

The cyclic () and monotonic (M) stress—strain behav-
iour of Hadfield steels are shown in Fig. 2 The two curves
are parallel even past the stabilization strain (5), indicating
identical serain-hardening behaviour It is assumed that the
stress—strain relatlonship is described by the sum of a constant
stress (Peierls stress) and a structure dependent term (via
Burgers vector), in which case the experimental results indi-
cate that the structure dependeat term in unaffected by
cycling. Cyclic hardening or softening is associated with
changes occurring in the dislocation sub-structure of the
material. Low stacking fault energy (SFE) materials develop
planar arrays of dislocations upon eycling!? whereas high
SFE materials exhibit dislocation cells.?? Since Hadfield steels
possess a low SFE,W the present results suggest that planar
dislocation arrays do not markedly affect the cyclic strain-
hardening properties of the cast materizl as the structure
is not effectively refined by cell formation. It should be
emphasized that the present results contradict previous re-
ports on wrought Hadfield steels,?* where the cyclic and
monotonic flow curves were not parallel The reason for
this difference is not ¢lear; apart from the fact that the investi-
gated material was hot rolled and of a much finer grain
size when compared with the present coarse-grained cast
steel. It scems that both factors make it difficule to compare
the cast and wrought conditions from the point of view
of cyclic hardening.

Strain—life curves

Strain—-life graphs (overall strain, cycles to failure) for the
vatious heats are shown in Fig. 3 The fatigue strength expo-
nent and the fatigue ductility exponent were determined on
the basits of Manson’s equation for cyclic sirains3 It was
assumed thar the values of the fatigue strength coefficient
{c'fy and of the fatigue ductility {€/) are identical to their
monotonic equivalents.? The transitional number of reversals
to failure (indicating transition from a plastic to elastic strain
controlled process) was also determined, and all resules are
summarized in Table 4. These results indicate that, despite
differences in composition and streagth, all four experimental
heats exhibit nearly identical low cycle fatipue properties.
This is in contrast with previous experimenial results on
the high-cycle fatigue properties which show thar the slope

Table 2. Average mechanical properties of the
investigated heats

Heat 6, 0.2% mpac Elongation Reduction
of
area

(MPa)  (MPa) (%) (%)

MSH 350 1350 38 43

MS4A 430 1230 38 35

Ms48 430 1320 44 40

MS4C 407 1357 b4 36
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Table 3. Typical cyclic yvield strength and ratio
of cyclic to monotonic vyield strength of Had-
field steels ( R). A dependence of the cyclic yield
strength on the stabilization strain is noticeable

1/2¢ Cyclic s, 0.2% R
stabilization (average)
(%) (MPa}
MS1 1.580 499 1.36
172 606 1.67
MS4A 0.568 453 1.05
MS4B 198 597 1.35
MS4C 1.20 542 1.36
1.94 640 155
1.98 667 1.64

Table 4. Low cycle fatigue properties of cast
Hadfield steels

Fatigue ductility Transitional

exponent (¢} reversals to
failure {2/)

Heat Fatigue
strength
exponent (b)

MS1 -~ 00373 ~0.632 846
MS4A 00344 —0.663 688
MS4B -0.0289 —-0b76 15620
MS4C —0.0321 —0.662 1929

Ae,/2(%10%)

01 | Fo,
100 1000 10 000
N

Fig. 4 Coffin-Manson plots of strain-life curves {1: cast material,
2: wrought materiai®)

of the transition domain {from finite to infinite life) increases
from about 0.50 to 2.20 MPa™! as a result of an increase
in phosphoras level of 0.020 to 0.065 wt% 3

The former study also suggests that the phosphorus
ievel affects fatigue crack propagation rather more than crack
initiation. However, in low cycle fatigue tests, initiation of
fatigue cracks dominates the overall fatigue life. Conse-
quently, iz is not surprising that low cycle fatigue properties
are not affected by the phosphorus level in the investigated
range

To compare wrought and cast material, a Coffin~Man-
son plot of the plastic strain verswr cycles to failure was

179



constructed, employing average values of the fatigue ductility
exponent, ¢ = —(.608 and €'f = 0.4 for the cast material,
This plot, along with former results for the wrought mater-
ial,* is shown in Fig. 4. The results indicate that cast Hadfield
steels do not exhibit inferior properties with respect to the
wrought material, and even appear to be superior in the
lower serain region. The strin-life properries of Hadfleld
steels are rather insensitive to structural parameters and ther-
momechanical treatments, providing soundness of the mater-
ial is ensared.

Crack growth rate

The reduced fatigue crack growth rate data is plotted as
a function of the stress intensity range {Fig. 5). The results
show identical behaviour for all investigated heats. Accord-
ing to ASTM standard E647-83, the dara is valid if the
effective vield strength is used for the present case of a
high strain-hardening material. However, despite extensive
plasticity at high crack growth rates, the linear relationship
between daf/dN and AK is preserved (on the logarithmic
scale). It is therefore proposed that AR be considered as
a parameter characterizing the applied stresses, rather than
as a measure of the cyclic crack-tip singularity in the sense
of fracture mechanics 13

The macroscopic appearance of the specimens is shown
in Fig 6 for both small scale (up to 30 MPam!?) and genezal
yield conditions. Yielding causes a strong surface alteration
of the ‘orange-peel’ type similar to observations on the tensile
deformation of this material 9 It seems that orange peel for-
mation is a general feature of the material which is exper-
ienced regardless of the type of loading. For monotonic
loading, surface instabilities and coarse slip bands were
related to deformation and fracture mechanisms of Hadfield
steels 87 It is therefore important to ascertain the extent to
which these features participate in the cyclic fracture process.

The cyclic fracture process

The fracture surface topography of compact tension and
push-puil samples was examined using a scanning electron
microscope. The typical fracture surface topography of a
compact teasion specimen is shown in Fig. 7. As a result
of the coarse grain-size of the material, individual fracrured
grains are easily discernible on the fracture surface The crack
front can be identified at various stages of the crack propa-
gation. This front is mildly curved vertically up the page
in Fig. 7. This indicates that there is no tendency for increased
crack growth in the vicinity of the free surfaces of the speci-

men. The ‘low AK portion (up to about 15 MPam!?) of

the fracture surface is characterized by transgranular feather-
like morphology. As AK increases, well defined striations
appear along with extensive secondary cracking. Identical
fracture features {eg crack arrest lines and striations} were
also noticed on the fracture surface of push—pull specimens.
The side surfaces of compact tension specimens were exa-
mined by light microscopy in the vicinity of the crack tip
and along the crack propagation profile (Fig 8) Surface
coarse slip bands dictated the microscopic crack propagation
path and the crack tip was found to lie in such
a band. Typical micrographs of a polished and etched mid-
thickness section (parallel to the side surface) of a compact
tension specimen are shown in Fig. 9. Coarse slip bands
are still noticeable, but to a lesser extent, and they concentrate
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along the crack profile and at the tip itself. These observa-
tions indicate that coasse slip band developrment is intensified
on the surface of the specimen as a result of the chamcteristic
sutface deformation by orange-peel formation, Coarse slip
band occurrence during monotonic straining of Hadfield
steels has been reported previously and low strain surface
cracking iniriates wirhin such bands 9 Tt is also interesting
to note that for high cycle fatigue specimens, coarse slip
bands were observed to form in surface graias at stress levels
weil below the yield strength, and they indicated local micro
yielding of the material® In the present case, since there
are no indications of increased crack growth near the free
surfaces of the specimen, it can be concluded that surface
coarse slip bands do not significantly affect the overall rate
of crack growth, Rather, their main contribution is the deter-
mination of the microscopic crack path It should he empha-
sized that this observation applies to the present near plane-
serain of deformation, in which the plastic zone size is con-
stant throughout the thickness of the specimen. If deviations
from plane-strain deformation accur, surface cracking at low
strains is expected to accelerate the overall cracking process
as the plastic zone size increases near the free surfaces of
the specimen. It can therefore be concluded that characteristic
deformation and fracture features which occurred during
monotonic and high cycle fatigue loading of Hadfield steels
are also operative during low cycle fatigue of this material.
However, their contribution to the overall crack growth
process is negligible for plane strain cyclically deforming
specimens
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Fig 5 Reduced crack-growth rate as a function of the stress intensity
range
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Fig 6 Typical compact tension specimens showing: (a) small scale
yielding {AK} up to 30 MPam'?); and (b) large scale yieiding (AK
up to 80 MPam®?)

Conclusions

Cyclic properties of four different heats of coarse-grained
cast austenitic manganese steel have been characterized
Despite differences in composition, these heats behave nearly
identically in the low cycle fatigue region

Cast Madfield steels cyclicaly harden; however, the de-
gree of hardening depends on the stabilization pre-strain
level, and the high stress-hardening capacity of the material
is not degraded by cycling.

Characteristic deformation and fracture features (ep
orange peel and coarse slip bands) observed during mono-
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Fig 7 Typical fractographs of & compact tension specimen showing:
(a) transgranuiar featherlike morphology; (b) ill-defined striations; (c)
coarse siriations and secondary cracking; and (d) Monotonic tensile
overload dimgles Crack prepagation occurred in the direction vertical-
ly up the page

tonic loading are also observed during cyclic loading. How-
ever, these¢ features do not significantly accelerate the
cracking process for planc-strain deforming specimens
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