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Ferritic-pearlitic (F-P) steel C45 containing 0.45 wt.% of
carbon exhibits a variable microstructure according to its
thermo-mechanical treatment. After forming in austenite
state, if the cooling below approx. 850 °C is slow enough,
the ferritic-pearlitic microstructure develops. The primary
ferrite crystallizes at the austenitic grain boundaries above
the eutectoid temperature of 727 °C, below which the rest
austenite is transformed into lamellar pearlite. The relative
amount of primary ferrite (Xr) depends on the cooling rate,
the prior austenite grain size (the smaller the grains the
larger the grain boundary crystallisation area) and the up-
per limit is approx. 60%. The faster the cooling, the less
primary ferrite is developed in favour of pearlite.

The correlation of mechanical properties of F-P steels
wit their microstructure were thoroughly studied [1,2,3] as
the key factors affecting the strength of pearlite, its
interlamellar distance (ILD, S) was identified [1,2]. In F-P
steels, the volume fraction of pearlite (X, = 1 — X¢) play also
an important role, but the correlation of yield strength with
these two parameters is not clear [3].

The intention of study was to investigate the exposure
of the microstructure in the X-ray diffraction (XRD) and
the correlation of XRD features with mechanical properties
of C45 F-P steel directly. The aim of the survey was to de-
velop a fast analytical method for an on-line control of
manufacturing process optimisation. In order to cope with
the problem, a series of F-P microstructures was produced
by hot rolling at various temperatures and by different re-
gimes of cooling (ambient air, lead bath of 550 °C, dipping
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Figure 1. Correlation of dislocation-induced microstrain and
over-all lamellar density in hot rolled ferritic-pearlitic C45 sam-
ples and in fully pearlitic (C80) samples. The cold drawn and sub-
sequently annealed C45 samples are also included.

in water). Subsequent heating was optionally also applied.
Further, selected F-P microstructures representing the
broad range of hot rolled F-P steels were subjected to grad-
ual cold drawing with or without intermediate reheating.
This process represented the industrial treatment from in-
gots till cold-drawn hard wires.

The investigation of the hot rolled samples revealed
that the ferrite phase is under an apparent compressive re-
sidual stress regardless of the cut of the specimen surface
(cross-sectional or longitudinal). This behaviour excludes
the macroscopic residual stress. It is a consequence of
two-component microstructure (ferrite/pearlite). The TEM
investigation revealed the misfit dislocations at the ferrite
cementite interfaces in the pearlite, while the primary fer-
rite grains were almost defect-free. The 3™ kind dislocation
induced mean squared microstrain (szdisl) obtained from
XRD was found to correlate with the over-all density of
cementite lamellas calculated as X,/S (Figure 1). The same
tendency is held also for fully pearlitic samples of steel
C80D (0.80 wt.% carbon). The dependence is rather qua-
dratic instead of linear as supposed in e.g. [4]. It is the na-
ture of the misfit dislocations that are not randomly
distributed but organized in an equidistant grid, so that
their displacement fields are more similar to dislocation di-
poles. The ultimate tensile strength was found to be directly
proportional to the mean squared microstrain in hot-rolled
samples (Figure 2).

With cold drawing, for cross-sectional reduction till
about 50%, the dislocation density increases and the corre-
lation of UTS with the mean squared microstrain can still
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Figure 2. Correlation of UTS with mean squared dislocation in-
duced microstrain.
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Ultimate strength prediction
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Figure 3. Comparison of UTS predicted from the X-ray diffrac-
tion experiment and true UTS evaluated in the tensile test

be observed, however, with a certain offset in the
microstrain compared to hot rolled samples. Afterwards,
for higher deformation or after annealing, the proportional-
ity is lost. On the other hand, macroscopic residual stress is
now observed in the ferrite phase, which is compressive
along drawing direction. It is the result of the easier plastic
deformation of the ferrite compared to harder cementite,
which, after relief of the drawing force, compresses the
ferrite.

A new empirical correlation was found between the
UTS and the (extrapolated) lattice parameter observed on
crystallographic direction (111) in the drawing direction
(ai11). The smaller is the ay; (the stronger the compressive
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force), the higher is the UTS of the steel in the tensile test.
The XRD here allows to determine which mechanism is
driving the tensile properties. Thus, a single measurement
in rolling/drawing direction is suitable for estimation of the
UTS. If the a1, is larger than the stress-free lattice parame-
ter, the sample is hot rolled or annealed and UTS depends
on the dislocation density (analysed from the line broaden-
ing). If ay1; is smaller, the UTS is dependent upon this lat-
tice parameter. The XRD-predicted UTS than gives a good
agreement with the true experimental UTS evaluated from
the tensile test (Figure 3).

The XRD is able to predict the ultimate tensile strength
of ferritic-pearlitic steel produced by the hot rolling or cold
drawing in a broad range of its experimental values (600
—2000 MPa) with the error band of approx. + 100 MPa (cf.
Figure 3). It appears therefore as a promising analytical
method for a fast on-line control of the steel production.
The correlation with the microstructure moreover allows to
estimate the mesoscopic microstructure parameter (pearlite
volume fraction or its interlamellar distance) if additional
information about the thermo-mechanical history is
known.
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Great success in Ni;MnGa derived alloys [1,2] attracted at-
tention to similar Heusler alloys including cobalt based
CoNiAl and CoNiGa [3,4]. As the NiMnGa alloys suffer
due to their strongly intermetallic state (brittleness, poor
creep and fatigue properties) the cobalt based alloys
seemed to be the interesting candidate for the mechanically
stronger and more resistant FSMAs.

The article describes the progress in work on
CossNiz3Alyg alloy [5,6]. The defined crystals with sin-
gle-crystalline matrix were prepared after long struggling.
The influence of annealing on martensitic transformation

was investigated. Both post-mortem XRD and in-situ
neuron diffraction confirmed the martensitic phase trans-
formation of alloy matrix B2 <> L1, and stable amount of
ATl particles (fce cobalt solid solution) in alloy, Fig. 1. The
image of transformation paths is blurred considering the re-
sults of resonant ultrasound spectroscopy (RUS), magnetic
susceptibility measurements and various microscopies
(LOM, SEM, AFM), which shows transformation temper-
ature significantly higher (about approx. 70 °C). Without
regard to structural confusion all samples perform
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Figure 1. The structure of the samples observed by scanning
electron microscopy. The precipitates marked 1 are interdendritic
Al fcc cobalt solid solution particles. The precipitates marked 2
are L1, ordered precipitates of the phase (Co,Ni);Al.

pseudoelastic behaviour at room temperature, which is
strongly dependent on crystallographic orientation.

Nevertheless, the role of nanoprecipitates resulting
from segregation in oversaturated matrix after annealing or
other changes in matrix induced by quenching seems to be
indisputable [7]. These precipitates can serve as nucleation
centres for the stress induced martensitic transformation.
Nanoprecipitates were observed in annealed samples but in
both pseudoelastic [8] and non-pseudoelastic samples [9].
The wide variety of nanoprecipitates is described in Ref.
[4], nevertheless their necessity for pseudoelastic behav-
iour was not proven. The many micron-sized non-twinned,
single and triple {111}, twinned precipitates with partial
L1, ordering were observed in the austenite matrix after an-
nealing at 1373 K for 72 h and quenching [10]. The final
description of Al interdendritic particles dissolution and
the role of precipitation after quenching is still under the
process.

The more optimistic view we have now on various re-
sults of “transformation” given by different methods. The
strong magnetoelastic coupling can be documented by the
evolution of damping in RUS [11]. Surprisingly the effect
of magnetic field in Co-Ni-Al austenite, considering the
external field, is very weak [12]. We can expect now that

the finalization of the oriented cuboid samples will give us
the full elastic constants set in temperature dependence and
the story of “martensitic transformation” in Co-Ni-Al al-
loys would be finally explained.
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