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the elongated micrograin boundaries in ferrite. A further increase in strength is
observed when needle-shaped cementite precipitates form during water
quenching within elongated micrograins. Pure martensite islands on the elon-
gated micrograin boundaries lead to a decreased ductility. The implications for
thick section plate processing are discussed based on the findings of the present
work.
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Introduction

Many mechanical and civil engineering applications
rely on large components which are made of heavy
plate steels. Examples are pressure vessels, bridges,
ships and offshore platforms [1-6]. These compo-
nents typically operate under severe conditions and
require optimized strength and toughness. For these
two key properties, they rely on the bainitic
microstructure of steels [1, 2, 6-8]. A characteristic
feature of thick section components is a microstruc-
ture which is not homogeneous throughout the cross
section, because during heat treatments surface areas
cool faster than the interior parts [9-13]. Therefore, it
is crucial to establish combinations of microstructures
across a thick section plate which provide the best
overall properties. A pre-requisite for this type of
optimization is an in-depth understanding of how
microstructures evolve when materials are continu-
ously cooled at different rates. Most steel heat treat-
ments start with a homogenization in the austenite
regime. On cooling from the austenite regime, the
microstructural evolution during the decomposition
of austenite and/or its phase transformation into
bainite or martensite manifests itself by thermal
effects, which can be detected by differential thermal
analysis (DTA) and differential scanning calorimetry
(DSC) [14-18]. However, thermal analysis on its own
cannot identify the micro- and sub-micrometer scale
elementary processes which govern microstructural
evolution. These processes can be very complex and
depend strongly on small variations of chemical
composition and heat treatment parameters. This is
an aspect which renders low-alloyed bainitic steels
particularly intriguing. In such steels, not only dif-
ferent types of carbides can precipitate, but more-
over, precipitation can be entirely suppressed and
retained austenite (RA) and martensite-austenite
regions (M-A) dominate the microstructure [19-25].
In the present study, a low-carbon low-alloyed steel
with a bainitic microstructure was investigated. The
microstructures formed after different cooling rates
and microstructural parameters that are beneficial for
the mechanical properties were identified and docu-
mented. Mechanical properties were evaluated by
hardness measurements and compression tests. Dif-
ferent bainitic microstructures were categorized base
on SEM images. RA/M-A constitutes were identified
by electron diffraction in TEM and they were
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accounted partly for the enhanced strength of the
steel after fast cooling. APT is used to characterize the
size, shape and chemical composition of the nano-
sized RA/M-A constitutes, thus providing comple-
mentary evidence of their existence. The influence of
cooling rate on the compressive yield stress is docu-
mented and the results are discussed on a
microstructural basis. Despite phase transformation
and precipitation reactions in bainitic steel are not a
new topic, and many isolated observations have been
reported in the past, the novelty of the present work
is related to the fact that it bridges the gap between
basic materials science (phase transformation and
precipitation processes in bainitic steels) and thick
section plate steel technology. With the objective to
contribute to a better understanding of microstruc-
tural evolution during cooling from the austenite
regime at different rates, advanced characterization
techniques are combined in a unique way to show
which microstructures are to be expected in different
positions of a thick section plate. We also contribute
to the clarification of some of the misunderstandings
associated with terminology, regarding elementary
diffusionless and diffusion controlled transformation
reactions during slow (inside of a thick plate) and fast
(surface of thick plate) cooling from the austenite
regime.

Material and experiments
Steel grade and dilatometry

The compositions of the low-alloyed steel investi-
gated in the present work are given in Table 1 (ASTM
grade A387-11-2). Cylindrical specimens (height:
8 mm, diameter: 4 mm) were thermally analyzed
using a Bahr DIL-805A/D dilatometer (ASTM stan-
dard: E228-17 [26]). The specimens were heated from
room temperature (RT) at a heating rate of 10 K/s to
1223 K. At 1223 K, they were held for 1h and

Table 1 Chemical compositions of the low-alloyed steel
investigated in the present work. Concentrations are given in at.
% and wt. % as indicated

Element C Cr Mo Si Mn Ni Fe

wt. % 0.13 140 058 053 058 0.18 base
at. % 060 149 033 104 058 0.17 base
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subsequently cooled down to RT, applying cooling
rates (f5) of 0.5, 1, 5, 10 and 30 K/s. One specimen was
water quenched (WQ) outside the dilatometer, its
cooling rate was approximately 90 K/s. During
thermal analysis, the temperatures were controlled
using K-type thermocouples spot-welded onto the
sample surfaces.

During the dilatometric measurements, the change
of specimen length AL was measured and related to
the initial specimen length Ly. The thermal expansion
coefficient «(T) was then obtained as the change of
this ratio with temperature T:

(1) = 7 (1) K- 1 1)

Hardness measurements and compression
testing

After cooling to RT, hardness testing was performed
using a semi-automatic micro/macro hardness tester
of type KB30 BVZ from KB Priiftechnik. The Vickers
hardness was measured (standard diamond indenter,
right pyramidal shape with a square base and 136°
angles between opposite faces) applying a load of
10 kg for 10 s. The hardness of each sample was
obtained as the average of 10 random indentations. A
2-mm minimum distance between two adjacent
indents allowed to exclude effects associated with
local work hardening around next neighbor indents.
Constant strain rate compression testing on repre-
sentative samples was performed at room tempera-
ture (293 K, RT) imposing an engineering strain rate
of 107 s in a Zwick Roell XForce Z100 test rig. To
minimize friction between the specimens and anvil,
the surfaces of the cylindrical specimen (height:
8 mm, diameter: 4 mm) were lubricated using MoS2
as a greasing agent. The compression tests were ter-
minated at a plastic strain of 25%.

Scanning and transmission electron
microscopy (SEM and TEM)

Thin foils for TEM studies were prepared from
specimens subjected to the thermal analysis with
different cooling rates. A detailed description of how
TEM specimens were prepared and how TEM results
were analyzed is given elsewhere [27, 28]. Thin slices
were cut from the heat-treated specimens and ground
down to a thickness of 60 pm with a final grinding
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mesh size of 4000#. Thinning was performed using a
Struers Tenupol-5. Good thinning conditions were
obtained using an electrolyte consisting of 70 vol.%
methanol and 20 vol.% glycerine and 10 vol.% per-
chloric acid at a temperature of -11 °C and a voltage
of 30 = 5 V. The foils were examined in a TECNAI
G2 F20 TEM equipped with a field emission gun
operating at 200 kV and an energy-dispersive spec-
troscopy (EDS) system from EDAX®. The thicker
(non-electron-transparent) part of the TEM foils was
investigated in an SEM of type FEI Quanta 650,
equipped with an EDAX-TSL EBSD system operating
at a voltage of 30 kV. Secondary electron images were
taken at a working distance of 10 mm. Orientation
imaging measurements were performed using the 70°
specimen tilt and a working distance of 15 mm. EBSD
[29] data were acquired on representative samples
using a step size of 0.3 pm. The misorientations were
determined by setting the grain boundary detection
limit to 2° and the results are presented in color-
coded maps.

Atom probe tomography

Needle-shaped APT specimens containing RA/M-A
constitutes from the specimen cooled at 30 K/s were
prepared following the procedure described in ref-
erence [30] using a dual-beam focused ion beam (FIB,
FEI Helios G4 CX). These specimens were first cut out
from the thicker parts of the TEM specimens and then
FIB milled into a needle-like tip with a tip radius
smaller than 50 nm using. APT investigations were
performed using a local electrode atom probe (LEAP
5000 h, Cameca Instruments) operating in voltage
mode at 70 K, with a pulse fraction of 20%, a pulse
repetition rate of 200 kHz, and a detection rate of 0.01
atoms per pulse. The APT data were reconstructed
and analyzed using the commercial IVAS 3.8.4
software.

Results
Dilatometric analysis

In Fig. 1, we present the results from the dilatometric
analysis. Figure 1a shows how the measured thermal
strain AL/Ly changes with temperature for different
cooling rates (f). The associated dependence of the
true thermal expansion coefficient «(T) is presented



] Mater Sci (2021) 56:11098-11113

Figure 1 Results from
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in Fig. 1b. For lower cooling rates (f = 0.5 or 1 K/s),
the «(T) curves exhibit two distinct peaks (P), one at
higher temperatures (Py) and another at lower tem-
peratures (Pp), Fig. 1b. At higher cooling rates (f
> 5 K/s), only one peak, PL, is observed. The varia-
tion of peak temperatures with f§ is presented in the
inset table of Fig. 1b. It can be seen, that both Py and
PL decrease with increasing f(comparing ff <1 K/s
and f > 5 K/s separately).

Mechanical properties

Figure 2 shows the evolution of the mechanical
properties with different cooling rates f. In Fig. 2a,
the hardness results of all specimens are shown as a
function of the applied cooling rate f. It can be seen
that the Vicker's hardness (HV10) increases by a
factor of two (from 140 HV up to 280 HV), when f is
increased from 0.5 K/s to 10 K/s. The hardness value
(~ 440 HV) after water quenching (f ~ 90 K/s) is
almost three times as high as that observed after the
slowest cooling experiment (ff = 0.5 K/s). For four
representatives of cooling rates, compression tests

Temperature (K)

were performed at room temperature. Figure 2b
shows the stress/strain data presented as engineer-
ing stress (o) vs. engineering strain (¢) (same color
coding as in Fig. 2a). The 0.2% yield stresses (a¢2) for
each f are given in the inset table of Fig. 2b. Figure 2b
reveals that gg, increases with increasing f. Up to
accumulated strains well above 10%, the stress strain
curves show higher stress levels for higher cooling
rates, Fig. 2b. For f < 30 K/s (red, blue and yellow
graphs in Fig. 2b) the compression tests showed
barreling. In contrast, after water quenching (WQ,
green curve in Fig. 2b), the onset of shearing was
observed at about 17%. This caused the decrease in
the apparent stress level (green curve) as compared
to the specimen which was cooled at f =30 K/s
(yellow curve).

Microstructural features observed by SEM

The average prior austenite grain size before contin-
uous cooling measured from SEM micrographs using
the linear interception method was 30 £ 10 um [23].
Figure 3 compiles overview SEM micrographs at
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Figure 3 Secondary electron SEM micrographs

showing
microstructures after different cooling rates indicated in blue
letters. Three types of local microstructures categorized as
degenerated pearlite (DP), degenerated upper bainite (DUB) and

proper magnifications after different cooling rates.
Materials subjected to slow cooling (f = 0.5 and 1 K/
s) show three types of local microstructures, Fig. 3a
and b. In the present work, we refer to these
microstructures as polygonal ferrite (PF, featureless
gray regions), degenerated pearlite (DP, arrow high-
lighted bright region) and degenerated upper bainite

@ Springer

polygonal ferrite (PF) highlighted in (a) 0.5 K/s and (b) 1 K/s.
Widmanstitten type of microstructure in specimens cooled at
(c) 5 K/s, d 10 K/s, e 30 K/s and f Water quenched. See text for
details.

(DUB, ellipse highlighted regions with fine sub-
structure). The designations polygonal ferrite,
degenerated pearlite and degenerated upper bainite
and their abbreviations PF, DP and DUB are used as
proposed by Zajac et al. [19] and have been fre-
quently adapted by many researchers such as
[11, 31-34]. Figures 3a and b show that the PF and DP
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volume fractions decrease as f increases from 0.5 K/s
to 1 K/s. The fine-scale features of DP and DUB can
be appreciated in the higher magnification SEM
micrographs of Figs. 4a and 4b (f = 0.5). DP regions
consist of a ferrite matrix with discontinuous
cementite (0) rodlets, Fig. 4a. DUB domains, on the
other hand, consist of a ferrite matrix with elongated
retained austenite/martensite-austenite (RA/M-A)
films or blocky M-A islands, Fig. 4b.

In contrast, Widmanstétten type of microstructures
as described in ref. [5] developed in all specimens
cooled with f§ > 5 K/s, which is difficult to discern in
the low-mag SEM micrographs shown in Figs. 3c-f.
Higher magnifications are required to show that the
microstructure of specimens cooled at 5, 10 and
30 K/s consists of ferrite with thin RA/M-A consti-
tutes decorating the elongated micrograins (a general
term for tiny grains with sub-micrometer dimensions,
regardless of their misorientation angles between the
neighboring grains/sub-grains [35]), Fig. 4c—e. This is
the characteristic feature of DUB microstructures [17].
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It is evident that the microstructure becomes finer as
the cooling rates f§ increase, i.e., both the widths of
the elongated micrograins and the sizes of RA/M-A
constitutes decrease. The blocky M-A type constitutes
which are found in the microstructure of specimens
with smaller f (Fig. 4b—d) disappear when specimens
are cooled at 30 K/s from the austenite regime,
Fig. 4e. In contrast, in the water quenched specimen
(WQ, f~ 90 K/s), the micrograin boundaries are
decorated with small martensite islands instead of
RA/M-A constitute. Moreover, fine precipitates
(which will be identified as cementite 6 in the fol-
lowing section) are present within the elongated
ferritic micrograins, Fig. 4f. The microstructure can
be categorized as autotempered martensite following
the definition given in [5].

TEM Analysis of Orientation Relationship

TEM results from specimens cooled at 10, 30 K/s and
by WQ are shown in Fig. 5. Figure 5a and b shows
bright-field TEM (BF-TEM) images of microstructures

Figure 4 Higher

magnification

secondary electron SEM
micrographs taken from specimens subjected to different cooling
rates 3. a Substructure of the DP (slow cooling, 0.5 K/s).
b Substructure of DUB (slow cooling, 0.5 K/s). ¢ and d Blocky
and film RA/M-A constitutes in specimens cooled at 5 and 10 K/s,

which are finer after faster cooling. e Absence of blocky constitute
in specimen cooled at 30 K/s. f Fine cementite (0) particles within
elongated micrograins in the autotempered martensitic
microstructure of the WQ specimen. See text for details.
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Figure 5 TEM analysis of orientation relationships between
austenite, ferrite and carbides. a A BF-TEM micrograph together
with a SAD pattern taken from the region highlighted by the red
circle (“1”) in a specimen subjected to a cooling rate of 10 K/s.
b A BF-TEM micrograph together with a SAD pattern taken from
the highlighted region (red circle “2”) in a specimen cooled at
30 K/s. ¢ A HRTEM micrograph taken from the highlighted region

from specimens cooled at 10 and 30 K/s, respec-
tively. Selected area diffraction (SAD) patterns from
the regions highlighted by red circles (insets in
Fig. 5a and b) confirm that the dark thin films along
the boundaries of the elongated micrograins repre-
sent retained austenite (RA). A high-resolution TEM
(HRTEM) micrograph of the region highlighted by a
red circle in Fig. 5b is presented in Fig. 5c. It shows
an austenitic y-film (central part of the image) with its
[011], one axis parallel to the foil normal and parallel

to [112], zone axis of the o-matrix region in the lower
right of the micrograph. It is suggested that a Nish-
iyama-Wassermann (N-W) orientation relationship
(OR) exists between the RA and the ferritic matrix,
ie, [110],//[111], and (Tll)y//(TlO)a (not explicitly
shown here), even though it cannot be fully excluded
that the OR corresponds to the classic Kurdjumov-
Sachs (K-S) relationship, which differs only by a rel-
ative rotation of 5.26° about [011], [7]. The BF-TEM
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in (b) and its corresponding fast-fourier-transformation (FFT)
shown as inset. d A BF-TEM micrograph showing needle-shaped
0 particles within an elongated ferritic micrograin in the WQ
specimen. e A HRTEM micrograph of a 6 particle in the WQ
specimen. f Corresponding FFT of (e), confirming that the needle-
shaped particles are cementite particles with specific ORs with
respect to the ferrite matrix.

image in Fig. 5d shows needle-shaped precipitates
within one elongated ferritic micrograin in the WQ
specimen. Due to their tiny size, their crystal struc-
ture can only be identified by HRTEM, Figs. 5e (im-
age) and f (fast Fourier transform, FFT). The results
indicate that these precipitates represent cementite
(referred to as 6, space group: Pbnm, a = 0.453 nm,
b=0509 nm, ¢=0.674nm, a=p=vy=90° [36]).
There also exists an OR between these 0 particles and
the ferritic matrix. The ORs shown in Fig. 5e and f are
(121),//(110),,  (200),//(011),, and ~ [012],//
[111],, respectively. These correspond to one possible
variant of the Bagaryatskii OR [37, 38]. The results
presented in this section suggest that strict crystal-
lographic ORs among austenite, ferrite and cementite
accompany the decomposition of austenite. However,
this is beyond the scope of the current work. Details
regarding this aspect of the microstructural evolution
can be found elsewhere [28, 39-41].
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Orientation imaging SEM analysis

The SEM-EBSD technique was used to further char-
acterize the boundary misorientation (MIS) of speci-
mens cooled at 0.5, 10, 30 K/s and by WQ (f~ 90 K/
s). Figure 6a-d shows histograms, where relative
frequencies of MIS are presented. In addition,
Fig. 6a—d contains image quality refined inverse pole
figure maps (IPF 4 IQ) as insets. All histograms
exhibit similar features, with two maxima at low
(close to 0°) and high (60° range) misorientation
angles. The slowest cooling rate (0.5 K/s) results in a
microstructure, with a local frequency maximum at
45° at the expense of 60° MIS which is less frequent.
Increasing the cooling rates to 10 and 30 K/s leads to
an increase in MIS in the angular range of 50-60° and
a simulataneous decrease in relative frequencies in
other angular ranges, especially for MIS < 20°,
Fig. 6b and c. In Fig. 6d, the WQ specimen exhibits
significantly larger relative frequencies of low-angle
MIS than all other samples. For high cooling rates
(30 K/s and WQ) an effort was made to distinguish
between boundaries with MIS angles smaller than 20
(red) and larger than 50 (blue). The results are pre-
sented in Figs. 6e and f, where one can see that in
specimen cooled at 30 K/s, there is a higher per-
centage of boundaries with higher misorientations
(MIS > 50°, Fig. 6e: more blue boundaries) while
boundaries with lower misoreintations (MIS < 20°,
Fig. 6f: more red boundaries) prevail in the WQ
sample.

3D APT analysis of local chemistry

The 3-D quantitative elemental distributions in the
RA /M-A constitutes observed in the specimen cooled
at 30 K/s were analyzed by APT. This specimen was
chosen, because the orientation relationship between
retained austenite and ferrite was determined by
TEM analysis (see previous section). Figure 7a dis-
plays the C atom map where a part of a RA film (of
the type shown in Fig. 6¢c) is captured within the
analyzed volume. The RA is identified by the region
enclosed by the green-colored isoconcentration sur-
faces plotted for 3 at.% C. Figure 7b represents a
magnified and rotated view from Fig. 7a, where one
of the <011 > , poles points to the left (black arrow).
The APT data suggest that lattice planes from the
ferrite region (lower part of the image) continue into
the austenite regime (upper part of the image). This is

11105

in agreement with the above HRTEM analysis, which
revealed an N-W/K-S OR between the RA and the
ferrite matrix. Figure 7c compiles 1-D concentration
profiles of C, Cr, Mn, Si and Mo measured along the
black reference arrow in the region of interest (ROI)
marked in Fig. 7a. It can be clearly seen, that in the
RA regime, the C content increases to a maximum at
6 at.%. This is one order of magnitude higher than the
nominal C composition of 0.6 at.% in the ferrite
matrix (Table 1). The concentration of the other ele-
ments (Cr, Mn, Si and Mo) does not change along the
reference arrow, Fig. 7c.

The results presented in Fig. 7d—f were obtained
from another analyzed region with an M-A consti-
tute. In Fig. 7d, three zones can be distinguished.
There is (i) a C-depleted ferrite zone (F) on the left, (ii)
a C-rich austenite zone with a homogenous C distri-
bution in the middle and (iii) a C-rich martensite
zone on the right with a heterogeneous distribution
of C-atoms. Concentration profiles (proxigrams) of C
and the other elements measured along the blue
reference arrows 1 and 2 in Fig. 7d are presented in
Fig. 7e and f, respectively. While the C content in the
austenitic part of the M-A constitute (about 6 at. %) is
similar to that in the RA films, the martensitic part
exhibits slightly lower C levels (close to 4 at. %). Note
that the C segregation levels exceed 8 at. % at the
interface between austenitic and martensite within
the M-A constitute, Fig. 7f. All the other alloying
elements are homogeneously distributed within the
analyzed volume.

Discussion

Using the state-of-the-art characterization methods,
the results obtained in the present work show that
cooling rates play a crucial role in the microstructural
evolution of low-carbon low-alloyed steels, and this
in turn influence the strength of materials by sub-
structure refinement and precipitation hardening. In
the following sections, we discuss such microstruc-
tural evolution with cooling rates, the mechanisms
behind the microstructural evolution and its
strengthening effect, and at last how this could pro-
vide insights for the processing of thick section
plates.
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Figure 7 Compilation of
results from 3D APT local
chemical analysis. a—c: APT
tip volume containing a
retained austenite/ferrite
interface. a C isoconcentration
surfaces at 3 at. % C (green) in
a RA film, with a high C
concentration (red). b Rotated
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Microstructural evolution and dilatometry

Upon slow cooling (0.5 and 1 K/s) from the austenite
regime, austenite decomposition starts with the for-
mation of polygonal ferrite (PF). In the next step, the
residual austenite transforms into degenerated pear-
lite (DP) and degenerated upper bainite (DUB),
Figs. 3a, b and Fig. 5a. Applying faster cooling rates
(5-30 K/s), PF and DP cannot form and the final

microstructure only contains DUB (Figs. 3c—e,

Figs. 4c-e and Figs. 5b, c). These microstructural
differences bear witness of the different thermody-
namic and kinetic conditions which are also reflected
in the dilatometric results shown in Fig. 1b. Two
peaks, Py and Pp characterize the «(T)-curves at
cooling rates of 0.5 and 1 K/s. It seems reasonable to
assume that the PH peaks correspond to the forma-
tion of PF, while the lower temperature peaks Pp,
reflect the transformation from austenite to DP and
DUB. The fraction of PF in the specimen cooled at
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1 K/s (Fig. 3b) is significantly lower than in that
cooled at 0.5 K/s (Fig. 3a), and thus the height of the
Py for the specimen cooled at 1 K/s is smaller than
that of the specimen cooled at 0.5 K/s, Fig. 1b. For
higher cooling rates (5, 10 and 30 K/s), the high
temperature peak Py is no longer observed and only
the P peak is found, Fig. 1b. This indicates the
transformation from austenite to DUB.

Mechanism of microstructural evolution

Nanoscale partitioning of C accompanies all pro-
cesses which have been discussed in the previous
section. When PF forms during slow cooling in the
two-phase austenite/ferrite region of the underlying
quasi-binary phase diagram, it can only dissolve low
C levels [5]. As a consequence, the C content of the
residual austenite gradually increases. On further
cooling at a low rate, the C content in retained
austenite can reach the eutectoid concentration. DP is
then formed by nucleation of cementite at ferrite/
austenite interfaces, followed by carbide-free ferrite
layers enclosing the cementite particles [42]. Similar
to what is known about lamellar pearlite, the for-
mation of DP is controlled by diffusion. Due to the
low C-diffusion rate, lamellar cementite cannot form
[42, 43]. When at low temperatures the DP formation
can no longer occur, the remaining austenite even-
tually transforms to DUB. The formation of cementite
is kinetically hindered in this temperature regime
[4, 5].

At higher cooling rates higher (5 < f < 30 K/s),
the formation of PF is kinetically suppressed, high
driving force build up and austenite can directly
transform to the ferritic structure of elongated
micrograins. The elongated micrograins contain thin
films of retained austenite stabilized by C [4]. This
results in the formation of DUB microstructures.
Figure 7 shows that the C concentration in the RA is
an order of magnitude higher (6 at.%) than the
nominal C concentration in the steel (Table 1). It
should be noted that low local C levels allow the
corresponding region to transform into martensite,
resulting in the formation of M-A constitutes,
Figs. 7d—f. C is more homogeneously distributed in
the austenite while it shows a heterogeneous distri-
bution in martensite, Fig. 7d. This is due to the fact
that the internal structure of martensite often con-
tains high densities of defects such as dislocations
and mechanical twins, which represent the result of

@ Springer

J Mater Sci (2021) 56:11098-11113

accommodation processes lowering the overall elastic
strain energy associated with the transformation [44].
A lower solubility of C in the martensite as compared
to that in the austenite in low-carbon steels results in
significant segregation of C to theses defects [45],
which can lead to the formation of the observed
clusters even at low temperatures shown in Fig. 7d
[46].

Implication for strengthening mechanisms

The RA/M-A constitutes in the microstructures have
a strong influence on the mechanical properties of
low-alloyed steels [20, 24, 47-55]. A mechanism that
describes the formation of blocky and film like RA/
M-A constitutes in DUB was proposed in Ref. [56]. In
the current work, the best combination of mechanical
properties are observed for the specimens cooled at
30 K/s, Fig. 2. There are a few factors which account
for this finding. First, decreasing the volume fraction
of soft PF increases the strength, as can be seen by
comparing results from specimens with/without PF
in Fig. 2. Second, since all samples were austenitized
under the same conditions, the austenite grain sizes
in all specimens prior to cooling are similar. There-
fore, the possibility that in the present study prior
austenite grain size has an effect on strength can be
excluded. This is expected since the bainite sub-units
after transformation are much smaller, resulting in an
increase in hardness and yield stress. The elongated
ferritic micrograins are typically between 5 and
50 pm long and a few pum thick, Figs. 4 and 7. The
boundaries that exist between adjacent elongated
micrograins represent effective obstacles for disloca-
tion motion. The thinner the micrograins, the smaller
the mean free paths available for dislocation glide [7].
Third, when the cooling rate is high, there is not
enough time for the nucleation of ferrite. Thus nuclei
of ferrite will form rapidly when higher cooling rates
enforce a stronger undercooling and higher associ-
ated driving forces. Large fractions of the austenite
grain boundary areas will then be covered with
nuclei [4]. Upon further lowering the temperature,
the ferrite nuclei will grow into the austenite as
Widmanstétten side-plates, which refine further with
increasing cooling rates, Figs. 3, 4 and 5. Fourth, the
presence of M/A films on the boundaries of the
elongated micrograins can act as additional barriers
for dislocation motion [49]. Although the austenite
becomes unstable during mechanical loading (which
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may cause reduction in toughness), good ductility
can be maintained via the transformation induced
plasticity (TRIP) effect [57-59]. However, the exact
deformation behavior of the RA/M-A films during
the compression test performed in the current study
is still not clear. Finally, it is generally accepted that
high angle grain boundaries are more effective dis-
location obstacles than low-angle grain boundaries.
However, the WQ specimen possesses the highest
hardness and yield strength, although the percentage
of high angle boundaries in the specimen cooled at
30 K/s is much higher than in the WQ specimens,
Figs. 6e and f. Thus, the presence of fine cementite
precipitates within the ferritic micrograins must have
significantly contributed to the strength. Moreover,
pure martensite on the ferritic micrograins also seems
to be detrimental to the plastic deformation of the
sample, as evidenced by the onset of sudden shear
deformation during the compression test shown in
Fig. 2.

Implications for thick section plate
processing

The results presented in this work were motivated by
the fact that during processing of thick section low-
alloyed steel plates, different locations in the plate
cool down at different rates (surface areas: fast, cen-
tral regions: slow). We schematically illustrate some
of our findings in Fig. 8. Clearly, our results only
represent a first step towards a full description of the
mechanical properties of a thick section plate mate-
rial on a microstructural basis. Other material fields
dealing with the mechanical properties of compo-
nents with processing related heterogeneous
microstructure deal with similar difficulties. While
this has been known for quite some time [60, 61],
efforts to overcome the associated uncertainties have
only started recently [11, 62-64]. Composite approa-
ches will have to be used to progress this techno-
logically important field. But the present study has
also shown, that new microstructural insight can be
gained, by addressing microstructural questions
associated with process related microstructural
heterogeneities. Further work is required to fully link
local microstructural analysis to the mechanical
properties on the macro-scale.
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Summary and conclusions

In the present work, low-carbon low-alloyed steel
specimens were cooled from the austenite regime.
We investigated the influence of the continuous
cooling rates on the hardness and on the compression
yield stress, and their influence on microstructural
evolution in order to rationalize local mechanical
properties and local microstructures which form
during heat treatments of thick section steels.
Mechanical (hardness and compression) tests show
that the strength increases monotonically with
increasing cooling rates (up to 90 K/s). Based on the
results obtained in the present work, the following
conclusions can be drawn:

1. Upon slow cooling (0.5 and 1K/s) from the
austenite regime, the final microstructures consist
of polygonal ferrite (PF), degenerated pearlite
(DP) and degenerated upper bainite (DUB).
When the cooling rates are higher than 5 K/s,
PF and DP do not form and the final microstruc-
tures contain only DUB.

2. The increase in strength with cooling rate up to

5 K/s is mainly due to the decrease in the volume
fraction of soft PF. A further increase in strength
when cooling rates increase to 30 K/s is attributed
to even finer DUB substructures. Such fine sub-
structures are characterized by elongated ferrite
micrograins decorated with C-rich RA/M-A con-
stitutes. The RA/M-A constitute at the micrograin
boundaries may provide further strengthening by
stabilizing boundaries and by preventing slip
transmission between micrograins.

3. A further increase in the strength of the material

can be achieved by forming needle-shaped
cementite precipitates within ferritic micrograins
by water quenching. However, when martensite
islands replace RA/M-A constitutes on the elon-
gated micrograin boundaries, the ductility of the
material decreases.

4. The RA/M-A constitutes contain a high level of

C, which is one order of magnitude higher than
the nominal C composition in the alloy.

5. The RA in the specimens cooled at 30 K/s follows

the Nishiyama-Wasserman (N-W) / Kurdjumov-
Sachs (K-S) OR with respect to the ferritic matrix.
There is a Bagaryatskii OR between ferrite and
cementite particles which precipitate during
water quenching.
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Figure 8 Schematic illustration of some of our findings.
a Schematic illustration of a half cross section of a thick section
plate (thickness: d/2) with 5 positions from surface to center
marked as 1-5. b—d Five experimental conditions and findings
obtained in the present work, mimicking the hypothetical positions

6. The results presented in this work were moti-
vated by the fact that during processing of thick
section low-alloyed steel plates, different loca-
tions in the plate cool down at different rates
(surface areas: fast, central regions: slow). Clearly,
our results only represent a first step towards a
full description of the mechanical properties of a
thick section plate material on a microstructural
basis. Further work is required to achieve this
goal.
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