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ABSTRACT

The microalloying of low-alloyed steels with Nb can improve the strength-to-
toughness balance. Such an effect of Nb is usually ascribed to the refinement of
the grain structure occurring in the austenite regime during hot forming. In the
present work, we report that Nb enhances the impact toughness of a low-al-
loyed Cr—Mo steel by a mechanism which has not been appreciated so far. The
lower impact toughness in the Nb-free Cr-Mo steel is due to segregation of Mo
to boundaries, which facilitates the formation of fine Mo-rich &-phase carbides
lining up along the boundaries. This further promotes the nucleation and
propagation of microcracks. The addition of Nb leads to the formation of Mo-
enriched NbC particles. The interfaces between these particles and the matrix
supply new preferential sites for precipitation of Mo-rich &-phase carbides upon
subsequent tempering. In this way, Nb additions result in a decrease of Mo
segregation to boundaries, significantly reducing the precipitation of &-phase
carbides on grain boundaries, thus leading to improved impact toughness. In
addition to the classical microstructural explanation (grain size effect), this
chemical role of Nb sheds new light on the design strategies of advanced low-
alloyed steels with optimized strength-to-toughness ratios.
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balance. This has been ascribed to the refinement of
the grain structure occurring in the austenite regime
during hot forming [3-14]. The solute drag effect of

Introduction

Niobium (Nb) as a microalloying element is added to
low-alloyed steels to improve processing,
microstructures and mechanical properties [1, 2]. In
particular, Nb improves the strength-to-toughness
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Nb atoms in solid solution [3-6] and/or the grain
boundary pinning effect of niobium carbonitrides
under typical recrystallization conditions [5-13] have
been invoked to explain the effect of Nb. For certain
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classes of high-strength low-alloyed steels, additional
quenching and tempering (Q&T) heat treatments
after rolling have proven to be beneficial. The Q&T
treatments lead to the formation of various types of
carbides, such as M,C, M3C, M;C3; and M»3Cg¢, where
M stands for the metallic elements in the carbides.
Different carbides form at different temperatures and
appear at different microstructural locations, such as
prior austenite grain boundaries (PAGB), micrograin
boundaries [15] in fully bainitic (B) regions or
boundaries between fully bainitic and fully ferritic
(F) regions. Depending on their types and distribu-
tions, carbides can strongly influence the material
toughness [16-19]. It has been shown that brittle
cleavage failure can be initiated by the formation of
microcracks associated with carbide fracture [20, 21].
Carbide-decorated grain boundaries have been sug-
gested to represent easy crack propagation paths [22].
Molybdenum (Mo) is a strong carbide former and
also known to segregate to grain boundaries during
quenching and tempering [23-27], where it can form
fine Mo-rich carbides lining up along the boundaries
and further promote the nucleation and propagation
of microcracks. Nb is also a strong carbide former.
NbC particles have a high thermodynamic stability. It
was also reported that NbC can incorporate other
elements such as Mo [28-30]. However, the influence
of Nb on the carbide precipitation process in Mo-
containing steels during Q&T treatments has so far
remained unclear.

The present work studies the effect of Nb on yield
strength and impact toughness by comparing two
low-alloyed steels with and without Nb addition
after quenching and after tempering (Q and T states).
The results show that the presence of Nb significantly
improves impact toughness without compromising
strength. The corresponding microstructure and local
alloy compositions of the materials were character-
ized using analytical transmission electron micro-
scopy (TEM) in combination with atom probe
tomography (APT). The thermodynamic stabilities of
carbides were analyzed in light of Thermo-Calc
[31, 32] predictions. We show how the presence of Nb
strongly alters the composition and distribution of &-
phase carbides along internal interfaces during Q&T
treatments and thus impacts mechanical properties.
These new findings supplement the classical grain
refinement effect of Nb on improving the impact
toughness and provide new insights for the designs
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of steels
balance.

with optimum toughness-to-strength

Experimental procedure
Materials

The specimens investigated in the present work were
taken from 150-mm-thick rolled plates at a quarter
position (38 mm underneath the plate surface). Their
chemical compositions in wt% are Fe-0.13C-0.535i—
0.56Mn-0.17Ni-1.39Cr-0.57Mo (referred to as CrMo
steel) and Fe-0.11C-0.535i-0.58Mn-0.18Ni-1.40Cr-
0.58M0-0.02INb (referred to as CrMoNDb steel),
respectively. The two materials differ in Nb content;
the concentrations of the other alloying elements are
nearly the same. After continuous casting, the two
steels were reheated to 1200 °C followed by hot
rolling at about 1000 °C (above non-recrystallization
temperature and thickness reduced from ~ 800 mm
to ~ 150 mm). Afterward, the steels were austeni-
tized at 950 °C for 1 h, followed by water quenching
(cooling rate ~ 2 °C/s; material state Q). Subse-
quently, the materials were tempered at 700 °C for
30 min (material state referred to as QT). Alternative
tempering was also performed at higher tempera-
tures, at 750 °C for 5 min for CrMo and at 740 °C for
5 min for CrMoND steel, respectively (material states
referred to as QT +). A schematic diagram of the
complete processing route can be found in Supple-
mentary materials (Figure S1). The three material
states investigated in the present work are listed in
Table 1.

Thermodynamic calculations were performed
using the commercial CALPHAD software Thermo-
Calc in combination with the TCFE9 database [31, 32].
The relative stabilities of different metastable car-
bides were evaluated by suspending one or more
phases in the equilibrium calculations.

Experimental techniques

The prior austenite grain (PAG) sizes of the two steels
in their Q states were measured using optical
microscopy in combination with image analysis. The
samples were prepared by mechanical polishing
(down to 1 pm diamond suspension) followed by
etching for about 1 min in an etchant consisting of
100 ml saturated aqueous picric acid, 1g copper
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Table 1 Material states investigated in the present work
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Steels Q QT

QT+

CrMo
CrMoNb

Quenched
Quenched

Quenched and tempered at 700 °C for 30 min
Quenched and tempered at 700 °C for 30 min

Quenched and tempered at 750 °C for 5 min
Quenched and tempered at 740 °C for 5 min

chloride and 1 ml washing detergent. The PAG sizes
were determined using a line interception method in
regions containing approximately one hundred
grains.

From each steel in the QT and QT + states, nine
standard Charpy impact specimens (36 specimens in
total, 10-mm-square bar, length: 55 mm, 2 mm V-
notch geometry) were tested in the temperature
range between — 10 °C and — 40 °C. Cylindrical
tensile test pieces were machined with a gauge
diameter of 12.5 mm and a gauge length of 65 mm.
Displacement-controlled tensile tests were performed
at room temperature according to ASTM A370 [33].

TEM was performed using an FEI Tecnai Super-
twin F20 equipped with a field emission gun oper-
ating at 200 kV and an energy-dispersive X-ray
analysis (EDS) system from EDAX®. Thin foils were
prepared by grinding 3-mm-diameter disks to a
thickness of 50 um, followed by twin-jet electropol-
ishing in a TenuPol-5 (from Struers). Good thinning
conditions were achieved using an electrolyte con-
sisting of 70 vol% methanol, 20 vol% glycerin and 10
vol% perchloric acid, flow rates between 15 and 20
and voltages of 30 £ 5V at —11 °C. Carbides were
identified using selected area electron diffraction
(SAED, larger particles) and convergent beam elec-
tron diffraction (CBED, smaller particles). Carbide
sizes were evaluated from scanning transmission
electron (STEM) micrographs using the image anal-
ysis software ImageJ [34]. The diameter of particles
was determined by taking the mean value of the
projected maximum and minimum values. The
average size of a particle family, d, was then calcu-
lated as the average value of 10-300 particles,
depending on the particle family. The particle num-
ber density of each particle family, p,, was obtained
by dividing the particle number by the area of the
sampling field. A detailed description of the quanti-
tative metallographic procedure used in the present
work has been recently documented [35].

Using a dual-beam focused ion beam (FIB)/SEM
instrument (FEI Helios G4 CX), APT needle-shaped

specimens were fabricated by a standard lift-out
procedure described in [36]. APT investigations were
performed using a local electrode atom probe (LEAP
5000 HR, Cameca Instruments) in voltage mode at
70 K, using 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 ana-
lyzed using the commercial IVAS 3.6.14 software
[25, 371].

Results

Prior austenite grain (PAG) sizes
of the quenched steels

The optical micrographs in Fig. 1 show the PAG
boundaries in both steels after quenching. The aver-
age PAG size measured using the linear interception
method was 30 & 20 um in both steels. These find-
ings suggest that the addition of Nb has no strong
influence on the PAG size for the steels in the present
study.

Mechanical properties

The tomography of fractured specimens was sub-
jected to SEM observations, which exhibits inter-
granular facets with very little associated plastic
deformation in both steels (see Supplementary

Figure 1 Optical micrographs showing the prior austenite grains
of the two steels in their Q states. a CrMo steel. b CrMoND steel.
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Figure S52). Figure 2 summarizes mechanical data
which were obtained for the two steels investigated
in the present work in their tempered states (QT and
QT +). The tempered QT states show similar yield
stresses close to 500 MPa (Fig. 2a). The alternative
tempering heat treatment (QT + states) results in a
decrease of yield stress. This decrease in yield stress
is less pronounced for the CrMoNb steel (Fig. 2a).
Figure 2b shows that the QT 4 heat treatment is
beneficial. It results in significantly higher Charpy
impact energies and thus higher impact toughness
values in the whole temperature range from — 40 to
— 10 °C (Fig. 2b). It is important to highlight that the
CrMoNb steel has a significantly higher impact
toughness at — 40 °C (Fig. 2b). While this advantage
of the CrMoNNbD steel is no longer observed at — 10 °C,
it has the advantage of a higher strength at the same
impact toughness. The mechanical data presented in
Fig. 2 clearly prove the beneficial effect of Nb in low-
alloyed ferritic steels.

Microstructure evolution
Morphology and Mo-enriched NbC carbide in the Q state

Figure 3 shows the microstructure characterized by
SEM and TEM for the two quenched steels, CrMo-Q
and CrMoNDb-Q. The microstructure of both materials
consists of regions without clear features which are
ferritic regions (F, dark) and regions with a more
complex structure which are referred to as bainitic
regions (B, complex microstructure). TEM investiga-
tions show that in the CrMo-Q steel, the grain
boundaries are decorated by elongated M;C particles
(Fig. 3¢) (for identification, see Fig. 3d). M;C is also
the only type of particle observed in CrMo-Q at grain

J Mater Sci (2019) 54:7307-7321

CrMoNb-Q. The microstructure of CrMoNb-Q shows
dispersed small islands in a ferritic matrix, as indi-
cated by the arrows in Fig. 3f. These islands were
identified by electron diffraction as regions contain-
ing either austenite or a martensite/austenite mixture
(Fig. 3g). They are referred to as M-A islands. In the
matrix of CrMoNb-Q, as shown in the STEM micro-
graph of Fig. 3g, two arrays of small bright
nanoparticles are observed (highlighted by arrows).
The first array consists of a small number of particles
which are about 50 nm in size. There are significantly
more nanoparticles in the second array, which are
more closely spaced and about 10 nm in size
(Fig. 3g). The particles in both arrays are identified as
NbC carbides by EDS analysis in Fig. 3i and by high-
resolution TEM image analysis in Fig. 3j, k.

The distribution of relevant elements in a small
volume of CrMoNb-Q was analyzed by APT (Fig. 4).
In Fig. 4a, the blue-colored isoconcentration surfaces
plotted at 0.5 at% NbC reveal the presence of Nb- and
C-rich particles. The local rectangle in Fig. 4a repre-
sents a region which was analyzed further. The ele-
mental distributions of C, Fe, Mo and Nb are shown
in Fig. 4b. It can be clearly seen that the central par-
ticle is enriched with C, Mo and Nb. Figure 4c shows
the average proximity histograms across the three
NbC/matrix interfaces as marked with black arrows
in Fig. 4a. The error bars represent the mean devia-
tion from the mean value. An enrichment of Mo in
the NbC particles is evident. However, concentra-
tions of Nb and C are much lower than expected for
NbC particles. Since the NbC particles obtained in the
measured volume are very small (< 10 nm), a “local
magnification effect” [38], which causes trajectory
overlaps of ions, cannot be avoided. Because of tra-

. : . jectory overlaps, Fe ions coming from the

boundaries. However, such particles are absent in
Figure 2 Results of the (a) (b)
mechanical properties. a Yield 600 [ ]JcMo o --#-- CtMo-QT —o— CrtMo-QT+
strength (YS) in the two steels [ crMoNb e 600 | 4 CrMoNb-QT CrMoNb-QT+
in the two tempered states (QT %0
and QT +). b Charpy V-notch ;@ 400 ;5
impact energy of the two steels S *g 400
in the two tempering \c/-)/ g"
conditions (QT and QT +) in > 200F :’ 200r
the temperature range from g*

=
— 40 to — 10 °C. O

0 ' : 0
QT QT+

Specimen conditions
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Figure 3 Scale bridging comparison of CrMo-Q and CrMoNb-Q
microstructures. a-b SEM micrographs of CrMo-Q showing the
presence of ferritic (F) and bainitic regions. ¢ STEM micrograph of
M;C particles at a grain boundary in CrMo-Q. d SAED pattern of
the encircled M;C particle from Fig. 3¢ with zone axis [201]y3c.
e—f SEM micrographs of CrMoNb-Q showing similar F-regions

surrounding matrix fall in the precipitate region
during the APT measurements. As a result, the ele-
mental concentrations in small particles can be sig-
nificantly underestimated [38].

E-phase carbide precipitation in the QT state

The microstructures of the two steels after tempering
at 700 °C for 30 min are shown in Fig. 5. While the
F-regions without clear features and the bainitic
regions with complex substructures (as observed in
the Q state) remain the dominant microstructural
features after tempering (see Fig. 5a for CrMo-QT
and e for CrMoNb-QT), further carbide precipitation

[100] zone of NbC

and 1-pm-sized M-A islands. g STEM images showing 50-nm-
and less than 10-nm-sized NbC particles (white arrows). h SAED
pattern from M-A island encircled in Fig. 3g, orientation
relationship [011]y//[111]5. i EDX spectrum of a NbC particle.
j High-resolution TEM image from zone axis [100]xpc. k The
corresponding FFT pattern of (j).

has occurred. During tempering, the M-A regions in
CrMoNb-QT (Fig. 3f, g) have decomposed into ferrite
with carbides (Fig. 5e, f). The STEM micrographs for
the representative areas of the B-regions in the two
steels (Fig. 5b, f, respectively) show similar
microstructural features. In both steels, particles have
formed at/near grain boundaries. The majority of
these carbides are of type M;C.

When the areas highlighted in Fig. 5b, f are further
investigated at higher magnification, striking differ-
ences between CrMo-QT and CrMoNb-QT become
apparent: First, fine NbC particles of 10 nm in size are
observed in CrMoNb-QT (Fig. 5g). Second, a large
number of small &-carbides (for identification, see

@ Springer
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Figure 4 APT analysis of CrMoNb-Q. a Distribution of the C
(red), Fe (pink), Mo (green) and Nb (blue) atoms. Regions
identified by blue-colored isoconcentration surfaces for 0.5 at%
NbC are Mo-enriched NbC. b Distribution of the atoms in the
selected rectangle (28 x 18 x 3 nm®) marked in (a) showing
enrichment of Mo in the NbC particle. ¢ Proximity histograms of
C, Fe, Mo and Nb obtained from three interfaces marked by
arrows in a.

Fig. 5i) typically line up along boundaries in CrMo-
QT (Fig. 5¢). Such fine &-phase carbides are also
present at the boundaries between B- and F-regions
in CrMo-QT (Fig. 5d). In contrast, only few particles
are observed at grain boundaries in CrMoNb-QT and
some of these carbides are M,C (for identification, see
Fig. 5j) instead of &-carbide (Fig. 5g). Third, in CrMo-
QT, a few My3Cs particles are observed at grain
boundaries within the selected B-region (Fig. 5¢) (for
identification, see Fig. 5k). No M3C¢ particles can be
found in B-regions of CrMoNb-QT (Fig. 5f, g). These
are only observed at grain boundaries or triple
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junctions where F- and B-regions are present
(Fig. 5h).

Precipitation in the F-regions due to tempering is
different for the two steels. In the F-regions of
CrMoNb-QT, fine NbC particles (~ 10 nm in diam-
eter) are present (arrows in Fig. 6a) while no particles
are found in the F-regions of CrMo-QT. In addition, a
large population of &-phase carbides (in a few cases,
Mo-rich M,C particles) are precipitated at the inter-
face between NbC particles and matrix. This results
in the formation of composite-particles, which show a
bright contrast in Fig. 6a. Similar composite particles
are also found in the B-region of CrMoNb-QT, and
they are composed of M,C particles and NbC parti-
cles (Fig. 6b). The composite character of these par-
ticles can be clearly resolved at higher magnifications
(Fig. 6¢) (upper image: F-region of CrMoNb-QT;
lower image: B-region of CrMoNb-QT).

Improved impact toughness by higher temperature
tempering—the QT + state

The QT + microstructures of both steels shown in
Fig. 7 still reveal most of the features of the QT states
(Fig. 5). Figure 7a shows an overview SEM micro-
graph of CrMo-QT +, and Fig. 7b and c shows
STEM images of its B- and F-regions at a higher
magnification. The corresponding images for the Nb-
containing steel CrMoNb-QT + are shown in
Fig. 7d-f. Four regions which are marked with
numbers in Fig. 7b, ¢ (CrMo-QT + , locations 1 and
2) and in Fig. 7e, f (CtMoNDb-QT + , locations 3 and
4) are further analyzed at higher magnifications in
Fig. 7g (locations 1 and 2) and h (locations 3 and 4). It
can be seen that there are less and larger carbides in
the QT + states, as is obvious when comparing
Figs.5b and 7b (CrMo) and Figs. 5f and 7e
(CrMoNDb). Another important difference between
the QT and the QT + material states is the disap-
pearance of the &-phase carbides during tempering at
higher temperatures (Fig. 7g, h). Only a few isolated
large ones were occasionally found (Fig.7c). In
addition, in the QT + state, carbides of type M,C; are
observed in both steels at grain boundaries (Fig. 7g,
h).

Size of carbides

The particle sizes and their corresponding number
densities in the two steels after tempering (QT) and
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Figure 5 Comparison of precipitates in CrMo-QT and CrMoNb-
QT. a Low-magnification SEM overview of microstructure of
CrMo-QT. b STEM image of a representative B-region from
CrMo-QT. ¢ Areas 1-3 highlighted in Fig. 6b enlarged. d A
boundary between B- and F-regions in CrMo-QT decorated by fine
E-phase carbides. e Low-magnification SEM overview of

higher temperature tempering (QT +) are plotted in
Fig. 8a, b, respectively. The NbC particles which form
inside of grains in CrMoNb are smaller than all other
carbides. They also show the highest number density.
The My3Cq particles, on the other hand, show the
largest size but the lowest number density in both
steels. Figure 8a also shows that with the exception of
M,3Cs, the size of each individual type of particle in
the QT + state is larger than that in the QT state. It is
observed that the size of &-phase carbides in
CrMoNb-QT is larger than that in CrMo-QT and
further increases with tempering at higher tempera-
ture (QT +). The number density of &-phase carbides
in CrMoND is significantly lower than that in CrMo

microstructure  of CrMoNb-QT. f STEM image of a
representative B-region from CrMo-QT. g Areas 4-6 highlighted
in Fig. 6f enlarged. h Large M,;Cg particle on triple point between
two B- and one F-regions in CrMoNb-QT. There are no Mo-rich &-
phase carbides (or M,C) on this boundary. i—k Typical EDX

spectra with CBED patterns for E-phase carbide, M,C and M,;Cg.

and decreases with increasing tempering tempera-
tures (Fig. 8b).

Thermodynamic stability of carbides

Results for the dependence of equilibrium phase
fractions on temperature evaluated by Thermo-Calc
in the two steels are presented in Fig. 9. When all
possible phases are considered (Fig. 9a, b), M3Cs,
MeC (both steels) and NbC (only CrMoNb) are found
to be the stable phases. Particularly, NbC is stable up
to about 1100 °C. When numerically suppressing the
formation of the equilibrium phases M»3C¢ and M¢C,
the stability of metastable phases can be estimated. In
this case, M;C; and M,C replace M»3;Cq while the

@ Springer
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Figure 6 STEM micrographs showing Mo-rich &-phase/M,C
particles forming on NbC particles in the a F-region and b B-
region. The composite particles are highlighted by white circles.

stability of NbC is not affected (Fig. 9¢c, d). Second,
when M;C; is also suppressed, two additional car-
bide phases, M3;C- and &-phase, appear (Fig. 9e, f).
Note that the solution temperature of the &-phase is
about 750 °C in both steels.

Discussion
Stability of NbC and M-A islands

While it is generally believed that the beneficial effect
of Nb on toughness in microalloyed steels is related
to grain refinement [3-11], this cannot be confirmed
by the results obtained in the present study. The
present work suggests that Nb improves impact
toughness by a mechanism which is related to the
formation and stability of NbC. The Thermo-Calc
results presented in Fig. 9 suggest that NbC is
stable up to temperatures of about 1100 °C. Only a
low number density of NbC particles (~ 50 nm) was
found in the as-rolled state (results not shown in this
paper). These relatively large NbC particles do not
dissolve during the subsequent austenitization (at
950 °C) and quenching process. However, when the
hot-deformed material is reheated to 950 °C during
austenitization and then subjected to quenching,
further NbC precipitation can occur. This is pro-
moted by heterogeneous nucleation on dislocations
[39, 40]. The newly formed NbC particles have a
significantly smaller size (< 10 nm), and their num-
ber density is high. In line with this view, the NbC
particles after quenching shown in Fig. 3g belong to
two different size classes. Moreover, the present
study has shown that the addition of Nb also pro-
motes the formation of M-A islands and suppresses

@ Springer

White arrows indicating 10-nm-sized NbC. ¢ TEM images taken at
higher magnifications reveal the composite character, which is
found in the F- (upper image) and in the B-region (lower image).

the precipitation of M;C at grain boundaries during
quenching (Fig. 3). The observations of two size
classes NbC particles and M-A islands in Nb-steels
and the suppression of M;C precipitation by Nb are
well in line with the recent work published by
Hausmann et al, who studied the morphological
change of retained austenite due to addition of Nb
[41]. The formation of such M-A islands has been
attributed to be related to the partitioning of carbon
during phase transformations [41-46]. Further
investigations are necessary to verify whether this
applies to the current materials.

E-phase and impact toughness

Although the complex &-phase carbide has been
known for several decades [47-51], it has not been
considered whether or not it has an influence on
mechanical properties. The present work suggests
that the impact toughness of the two alloys is closely
related to the precipitation and distribution of &-
phase carbides. In contrast to CrMo-QT where a high
number of ¢-phase carbides form on grain bound-
aries (Fig. 5¢c, d), only a few of such particles were
observed in CrMoNb-QT (Fig. 5g, h). This is due to
the fact that composite particles precipitated in the
grain interior as shown in Fig. 6. Therefore, it can be
suggested that crack propagation along boundaries is
favored by the presence of &-phase carbides on these
boundaries. This explains why CrMoNb-QT has a
higher impact toughness than CrMo-QT (Figs. 2 and
8). In addition, tempering the materials at higher
temperatures (QT +) leads to even less precipitation
of &-phase (Fig. 7). Consequently, the impact tough-
ness of QT + states is higher than that of QT states.
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chemical  and
observations after higher temperature tempering (QT +). a—c
SEM and STEM overview images of CrMo-QT + . d—f SEM and
STEM overview images of CrMoNb-QT + . g Highlighted

Figure 7 Microstructural, crystallographic

regions 1 and 2 from b, ¢ (CrMo-QT +) at higher

Detrimental effects of small boundary carbides on
impact toughness have already been reported by
Kuzin et al. [52] and Hong et al. [22]. Both conclude
that the impact toughness decreases with an
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CrMoNb-QT+

0 (.i!-_.,.L_Mo,. .INJ Mo Mo
0 5 10 15 20
Energy (keV)
[110] zone of M,C, ",

- il

magnification. h Highlighted regions 3 and 4 from e, f
(CrMoNbDb-QT +) at higher magnification. i Typical EDX
spectrum and corresponding SAED pattern of a M;C; particle
which formed during high-temperature tempering.

increasing number of fine M3C particles on grain
boundaries and that the presence of fine particles on
boundaries promotes intergranular fracture. The
effect can be attributed to the mechanical
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Figure 8 Results on particle (a)
sizes and number densities. 500
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consequences related to the presence of the boundary
carbide itself, or, the physical/chemical nature of the
carbide-matrix interfaces which facilitate the nucle-
ation of cracks and their propagation along grain
boundaries [20, 21, 53]. When stresses are transferred
to non-deformable grain boundary carbides (either
by grain boundary sliding or by localized deforma-
tion events), the carbide will crack or the carbide-
matrix interface will cleave. Therefore, the high
number of &-carbides may promote crack nucleation
and reduce the work required for crack propagation
[22, 53].
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In the present study, the &-phase carbides precipi-
tate preferentially at grain boundaries in CrMo-QT.
Segregation of both C and Mo to grain boundaries
occurs during quenching [23-27]. A higher Mo con-
centration at grain boundaries promotes the forma-
tion of &-phase [48, 51]. In contrast, the NbC particles
in CrMoNDb-Q were found to be enriched in Mo and a
population of &-phase carbides form at the interface
between NbC and matrix. As a result, segregation of
Mo to grain boundaries is restricted, which conse-
quently hinders the formation of &-phase carbides at
grain boundaries. The thermodynamic calculations in
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Figure 9 Phase fractions as a
function of temperature
calculated with Thermo-Calc
using the alloy compositions
of CrMo and CrMoND listed in
Table 1. a CrMo—all possible
phases considered.

b CrMoNb—all possible
phase considered. ¢ CrMo—
M,;C¢ and M¢C suppressed.
d CrMoNb—M,;C4 and MC Temperature (°C)
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Fig. 9 show that the formation of &-phase occurs
between 650 and 750 °C for the CrMo steel and
between 680 to 750 °C for CrMoNb. The higher
tempering temperatures (750 °C for CrMo and 740 °C
for CrMoNDb) used in the current study are near the
upper limit of the metastable &-phase boundary.
Therefore, very few &-phase carbides were observed
in both steels in the QT + states.

Mo segregation and the effect of Nb
on improving impact toughness

The segregation of Mo to grain boundaries has been
well studied [23, 24, 26, 27] in low-alloyed structural
steels which were tempered after quenching. Such
segregation has been reported to be beneficial
because Mo is a known grain boundary strengthener
[54, 55]. However, a higher Mo concentration also
promotes the formation of Mo-rich carbides such as
the &-phase carbides at grain boundaries in the pre-
sent study [48, 51]. The formation of Mo-rich carbides
on grain boundaries not only increases the probabil-
ity for crack nucleation and propagation, but also
counteracts the cohesion enhancement otherwise
caused by the segregated Mo. The present study
demonstrates that the impact toughness of high-
strength Cr-Mo steels can be improved by either

microalloying the steels with Nb or by tempering at a
higher temperature. In view of the different precipi-
tation scenarios of carbides, this effect can be attrib-
uted to the prevention of the formation of fine &-
phase particles at grain boundaries. In Fig. 10, the
synergistic effect of Nb and Mo improving impact
toughness during quenching and tempering is
schematically illustrated based on the current exper-
imental results. For the CrMo steel (left side of the
figure), Mo strongly segregates to grain boundaries
during quenching. This leads to the formation of fine
E-particles in the subsequent tempering process and
results in a decrease of impact toughness. However,
such detrimental effect on the impact toughness can
be mitigated by tempering at higher temperatures,
where the fine &-particles no longer form. In the
CrMoNbD steel (right side of Fig. 10), the addition of
Nb promotes the formation of NbC particles that
incorporate Mo and supply additional nucleation
sites for &-phase carbides in the grain interior. Mo
segregation to grain boundaries is therefore ham-
pered. As a consequence, less fine &-particles form at
grain boundaries in the CrMoNb-QT. This explains
why the Nb microalloyed CrMoNbD steel has a higher
impact toughness than the CrMo steel. Tempering the
CrMo steels at higher temperature (QT +) also
hampers the formation of &-carbide; therefore, the
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Figure 10 Schematic illustrations which show how Nb improves
impact toughness. Left side: There is no Nb in the steel. Mo
segregates to boundaries. This promotes the formation of fine &-
phase carbides along boundaries which results in poor impact
toughness. Tempering at higher temperatures removes the &-phase

impact toughness is similar to that of CrMoNb-QT +
(Fig. 2b).

Summary and conclusions

In the present work, a detailed microstructural study
was performed on two Cr-Mo steels, one without
and another with Nb additions. In Cr-Mo (no Nb),
Mo segregates to boundaries which promotes the

@ Springer

Improved toughness

and improves impact toughness. Right side: The steel contains Nb.
NbC particles form at high temperatures and incorporate Mo. As a
result, much less &-phase carbides form on grain boundaries during
tempering and therefore better impact toughness is obtained.

formation of fine &-particles along grain boundaries.
This can facilitate microcrack nucleation and propa-
gation along the grain boundary. Adding Nb has a
positive effect on impact toughness, which is not due
to grain refinement. Instead, it was shown that in
CrMoNb, the presence of Nb results in the formation
of Mo-rich NbC particles. Therefore, significantly less
Mo segregates to grain boundaries and the formation
of fine &-particles is hampered. Their absence makes
it more difficult for microcracks to nucleate/
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propagate along grain boundaries, and as a result,
better impact toughness values are obtained. Forma-
tion of fine E-particles can also be inhibited by
applying higher tempering temperatures. This,
however, can only be achieved at the expense of
lower yield stresses.
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