
metals

Article

The Effect of Electroslag Remelting on the
Microstructure and Mechanical Properties of
CrNiMoWMnV Ultrahigh-Strength Steels

Mohammed Ali 1,2,* , David Porter 1 , Jukka Kömi 1, Mamdouh Eissa 2, Hoda El Faramawy 2

and Taha Mattar 2

1 Materials and Mechanical Engineering, Centre for Advanced Steels Research, University of Oulu,
P.O. Box 4200, 90014 Oulu, Finland; david.porter@oulu.fi (D.P.); jukka.komi@oulu.fi (J.K.)

2 Steel Technology Department, Central Metallurgical Research and Development Institute (CMRDI), Helwan,
Cairo 11421, Egypt; mamdouh.eissa@gmail.com (M.E.); h3174752@yahoo.com (H.E.F.);
tahamattar@yahoo.com (T.M.)

* Correspondence: mohammed.ali@oulu.fi or mohammedsalah2020@gmail.com; Tel.: +358-469-417-841

Received: 27 January 2020; Accepted: 14 February 2020; Published: 17 February 2020
����������
�������

Abstract: The effect of electroslag remelting (ESR) with CaF2-based synthetic slag on the microstructure
and mechanical properties of three as-quenched martensitic/martensitic-bainitic ultrahigh-strength
steels with tensile strengths in the range of 1250–2000 MPa was investigated. Ingots were produced
both without ESR, using induction furnace melting and casting, and with subsequent ESR. The cast
ingots were forged at temperatures between 1100 and 950 ◦C and air cooled. Final microstructures were
investigated using laser scanning confocal microscopy, field emission scanning electron microscopy,
electron backscatter diffraction, electron probe microanalysis, X-ray diffraction, color etching, and
micro-hardness measurements. Mechanical properties were investigated through measurement of
hardness, tensile properties and Charpy-V impact toughness. The microstructures of the investigated
steels were mainly auto-tempered martensite in addition to small fractions of retained austenite
and bainite. Due to the consequences of subtle modifications in chemical composition, ESR had a
considerable impact on the final microstructural features: Prior austenite grain, effective martensite
grain, and lath sizes were refined by up to 52%, 38%, and 28%, respectively. Moreover, the 95th
percentiles in the cumulative size distribution of the precipitates decreased by up to 18%. However,
ESR had little, if any, the effect on microsegregation. The variable effects of ESR on mechanical
properties and how they depend on the initial steel composition are discussed.

Keywords: ultrahigh-strength steel; electroslag remelting; microstructure; precipitates;
microsegregation; mechanical properties

1. Introduction

In steels, ultrahigh strength can be achieved through a combination of several mechanisms like grain
refinement, precipitation strengthening, solid solution strengthening, dislocation strengthening, and
texture strengthening. Many of these mechanisms are enhanced through the use of thermomechanical
treatments [1–4]. Bainitic and lath martensitic microstructures are commonly used to achieve
good combinations of ultrahigh strength, high ductility, and high impact toughness. High-carbon
nanoscale carbide-free bainite and with retained austenite (RA) gives high ductility through
transformation-induced plasticity (TRIP) [5–7], but at the expense of the weldability that is desired for
structural steels.

The microstructure of martensitic or bainitic steels is subdivided into the following units: Prior
austenite grains, packets, blocks, sub-blocks, and laths, with unit size decreasing from left to right.
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The prior austenite grains are divided into packets, which consist of blocks of laths with the same
habit plane. These blocks contain sub-blocks in which the laths have similar crystal orientations.
The boundaries between packets and blocks have high-angle misorientations while the boundaries
between sub-blocks and laths have low-angle misorientations [8–10].

Strength and toughness properties can be improved simultaneously by grain refining, which can
be achieved, for example, by the pinning of the austenite grain boundaries by fine precipitates, which
are stable at high temperatures [11]. A high number density of fine precipitates leads to enhanced
pinning of the grain boundaries, which subsequently leads to a reduction of the final prior austenite
grain, packet, and block sizes and a significant effect on the mechanical properties of the steel. It was
observed by Wang et al. [12] that the yield strength of 17CrNiMo6 martensitic steel is increased by
235 MPa by reducing the prior austenite grain size (PAGS) by 33% and the Charpy U-notch impact
energy at 77 K was enhanced more than eight-fold.

In addition to the above strengthening factors, additional strengthening can be achieved through
precipitation. In the case of dislocation bowing between precipitates, the Orowan relationship [13]
shows that the yield strength increment from precipitation increases with increasing volume fraction
and decreasing size of the precipitates. In the case of tempered martensite, the optimum combination
of volume fraction and size depends on the tempering temperature and time [14].

The low-cost ESR process can be used to achieve high-quality steel and obtain a homogenous
microstructure with a low degree of segregation and porosity because of nearly directional solidification
from a tiny refined-molten pool. The significant effect of ESR on the non-metallic inclusion (NMI)
content lead to enhance ductility, toughness, and corrosion resistance of the produced steel [15–17].

Zhu et al. [18] concluded that the ESR of an 8Cr13MoV martensitic stainless steel with the slag
system 60% CaF2, 20% Al2O3, and 20% CaO leads to a microstructure with less segregation and fewer
and smaller net-like carbides. This was attributed to the high cooling rate following ESR, which
reduced the precipitation of proeutectoid grain boundary cementite. It also thereby increased the
amount of carbon that dissolved during austenitization prior to the formation of martensite with a
concomitant increase in strength.

This study aims at evaluating the effect of electroslag remelting on the mainly martensitic
microstructures of three novel ultrahigh-strength steels (UHSSs). The microstructural features
considered are the phases formed, the prior austenite grains, effective grain, and lath sizes, numbers
and sizes of precipitates, and the degree of microsegregation. This information, together with the
information from previously published work on the NMI contents of the steels [19], is used to clarify
the effect of ESR on the mechanical properties of the investigated UHSSs.

2. Materials and Methods

Three experimental heats of steel with chemical composition in wt.% given in Table 1 were
designed and produced as a potential candidate to satisfy the aim of high strength and toughness. They
were made in the Steel Technology Department, Central Metallurgical Research and Development
Institute (CMRDI), Egypt through a scrap-based route using an air induction furnace and refined using
the ESR process. At about 1560–1580 ◦C, the molten metal was tapped into 250-mm long and 70-mm in
diameter cylindrical steel mold. The produced ingots were forged at 1100–950 ◦C to steel bars with a
cross-section of 28 mm × 30 mm. After forging, the bars were cooled in air at about 0.3 ◦C/s. Half of the
forged material was studied as such and the other half was refined using ESR under CaF2-based slag
containing by weight about 70% CaF2, 15% Al2O3 and 15% CaO. At the beginning of the ESR process,
a little amount of Al metal (about 0.1% of the total weight of the consumable electrode) was added to
the slag as a deoxidant. The above-mentioned forging parameters and cooling rate were used again
for the ESR ingots. All forged bars of the investigated steels have good surface quality without any
defects, i.e., cracks. More details about the production methods, chemical compositions of the charging
materials, the used slag, and the analytical techniques used are given in our earlier publication [20].
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Table 1. Chemical composition of the investigated steels without and with effect of electroslag remelting (ESR) in wt.%.

Heat No. Process
Chemical Composition, wt.%

C Cr Ni Mo W Mn Si V Ti Nb Cu Al P S N O

UHSS I
IF 0.30 2.32 2.34 0.32 1.21 0.70 0.71 0.075 0.001 0.001 0.017 0.009 0.019 0.024 0.013 0.014

ESR 0.32 2.18 2.31 0.31 1.14 0.64 0.64 0.072 0.001 0.001 0.020 0.060 0.018 0.013 0.011 0.004

UHSS II
IF 0.25 2.40 2.49 0.32 1.34 0.57 0.90 0.087 0.002 0.001 0.018 0.009 0.019 0.025 0.020 0.011

ESR 0.29 2.37 2.45 0.33 1.23 0.53 0.81 0.085 0.003 0.001 0.020 0.058 0.019 0.014 0.018 0.007

UHSS III
IF 0.15 1.73 4.44 0.31 1.33 0.41 0.51 0.067 0.002 0.002 0.016 0.009 0.018 0.022 0.022 0.012

ESR 0.18 1.65 4.35 0.32 1.24 0.35 0.31 0.062 0.001 0.001 0.020 0.043 0.018 0.017 0.015 0.006

IF: Induction furnace ingots, ESR: Electroslag remelting ingots.
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The microstructures of all the investigated UHSS steels as seen on sections parallel to the axis of
the bars were characterized using laser scanning confocal microscopy (LSCM, VK-X200 Keyence Ltd.)
and Zeiss Sigma field emission scanning electron microscopy (Carl Zeiss AG, Oberkochen, Germany).

For metallography, samples were prepared using standard methods and were etched in 4 vol.%
picric acid then etched in 2 vol.% nital.

The average PAGS was determined using the linear intercept methods on different LSCM
micrographs for each sample to decrease the error in the measurements. To reveal the PAG, all samples
are prepared and stored for five days before etching with a picric acid solution containing drops of HCl.

For EBSD investigations, the sample surface was polished firstly using 1-µm diamond suspension
then chemically polished using 0.05-µm colloidal silica suspension. Average grain sizes, as defined by
their equivalent circle diameter (ECD), and grain boundary misorientation distributions were measured
using an EDAX electron backscatter diffraction (EBSD) system on the FESEM with an accelerating
voltage 15 kV, a magnification 1000× and a step size of 0.3 µm. Grain boundaries with misorientation
in the range from 2◦ to 15◦ were considered to be lath boundaries, and boundary misorientations
higher than 15◦ were considered as high-angle grain boundaries defining the effective grain size with
respect to cleavage crack nucleation and propagation [21,22]. The high-angle grain boundaries are
expected to be the boundaries of blocks or packets [23,24].

Precipitate characteristics were studied using a Zeiss Sigma FE-SEM with a magnification 45,000×,
an accelerating voltage of 5 kV and a working distance of 4 mm. The samples and etching procedure
used were the same as those used for LSCM studies. Image J software was used to determine the
ECD sizes and number densities of the precipitates from twenty 6.60 µm × 4.45 µm INLENS-SEM
micrographs per sample, i.e., a total investigated area of 588 µm2.

Electron probe microanalysis (EPMA) using 300 µm long line scan analyses with 3-µm step size
was used to evaluate the degree of homogeneity of all the investigated steels both before and after
ESR. The microstructural specimens were used in the EPMA analysis after re-polishing and etched in
2 vol.% nital.

The color etching using was utilized in order to determine the volume fraction of bainite in mixed
martensitic–bainitic microstructures. The specimens were etched in 4 vol.% picric acid followed by
etching in 10% aqueous solution of sodium metabisulfite [25].

The volume fraction of RA was measured using a Rigaku SmartLab X-Ray diffractometer with Co
Kα radiation under the following parameters: 40-kV accelerating voltage, 135-mA current, 1.0039◦/min
scan speed, 0.05◦ step size, and 40◦ > 2θ > 130◦ range. Samples with cross-sections perpendicular
to the axis of the bars with the dimensions 10 mm × 10 mm × 5 mm were cut from the forged bar
(see Figure 1) and prepared using the standard method. Rietveld refinement analysis has been used in
order to measure the percentage of RA using the X-ray diffraction (XRD) data. The carbon content in
wt.% of the RA (Cγ) was predicted from the lattice parameter, i.e., a = 0.3578 + 0.0033Cγ [26], where
a(nm) is the lattice parameters of RA.
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Figure 1. Location and orientation of samples in the forged bars. Samples 1 and 2 tensile specimens,
3 and 4 impact specimens, 5 and 6 microstructures, NMI, and HV10 and 7 XRD.

HV10 macro-hardness measurements were made at five random positions across the specimens
used for LSCM and FE-SEM. Tensile testing was performed on the forged bars produced from ingots
both without and with ESR using a Zwick/Roell tensile testing machine with 100-kN a maximum
load capacity. Tensile specimens were cut from the forged bars, as shown in Figure 1, and machined
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to round tensile specimens according to the ASTM standard E8 with 6 ± 0.1 mm diameter and
24 ± 0.1 mm gauge length. Tensile test results are presented as the averages of three samples.
A calibrated 350-J Charpy impact test hammer was employed to determine the impact toughness at
room temperature (21 ◦C) according to ASTM E 23-05 on standard Charpy-V impact specimens with
dimensions 10 mm × 10 mm × 55 mm. The locations of the CV specimens in the bars are shown in
Figure 1. The results are averages of three samples.

The fracture surfaces of broken tensile samples were investigated using a Zeiss ULTRA Plus
FESEM (Carl Zeiss AG, Oberkochen, Germany) with a magnification 4000× at 15-kV accelerating
voltage and 8.5-mm a working distance. The broken samples were cut and cleaned ultrasonically in
ethanol for 15 min.

3. Results and Discussion

3.1. Microstructure Characterization

The microstructures of UHSS I, II, and III without and with ESR are shown in Figures 2–4,
respectively. UHSS I and II are fully martensitic with a very small fraction of precipitates and small
fractions of RA. The same is true of UHSS III except it could also be qualitatively seen to contain a large
fraction of lower bainite. The volume fraction of bainite is increased from 54 ± 3% with a microhardness
435 ± 3 to 66 ± 2% with a microhardness 437 ± 7 as a result of ESR while the microhardness of the
martensite slightly increased from 506 ± 5 to 518 ± 5. The measurements are based on the use of Image
J software and the different responses of martensite and bainite to color etching.

Table 2 shows that the fractions of RA determined using XRD were in the range of 5–8%. ESR led to
an increase in the case of UHSS I but a decrease in the case of UHSS II and III, presumably because of the
small changes in the chemical compositions. The calculated Cγ was reduced as a result of ESR in both
the fully martensitic steels, UHSS I and II. However, it remained unchanged in the martensitic–bainitic
steel, UHSS III.

LSCM micrographs showing the prior austenite grain structure of the steels are shown in Figure 5
and the PAGS are given in Table 2. The mean PAGS was halved with ESR in the martensitic UHSS I
and II. However, in the case of the martensitic-bainitic UHSS III, there was no statistically significant
change in the PAGS as a result of ESR.
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M: Martensite and LB: Lower bainite.

The differences in the microstructures are due to the differences in the chemical compositions
and the observations are in line with the predictions of JMatPro software [27] for the current PAGS
and cooling rate of 0.3 ◦C/s, see Table 3. For UHSS I and II, the software predicted 99% martensite
and 1% RA for the composition without the ESR treatment. However, for the composition with ESR
JMatPro software predicted 95% and 98% martensite, 4% and 1% bainite, and 1% RA for UHSS I and
II, respectively. In the case of UHSS III, JMatPro software predicted 91% martensite, 8% bainite and
1% RA for the composition without the ESR treatment and 75% martensite, 24% bainite, and 1% RA
for the leaner composition after ESR. ESR is predicted to lead to an increase in the fraction of bainite,
as was observed experimentally even though the actual observed fractions of bainite were considerably
higher than the predicted ones. Table 3 shows that the estimated transformation temperatures for the
chemical compositions before and after ESR are very close apart from the bainite start temperature Bs
in UHSS III, which increased from 426 to 438.
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Table 2. Volume and carbon percentage of RA and PAGS in UHSS I, II, and III without and with ESR.

Heat No. Process Vol. Fraction of RA, % 1 Mean % C in RA (Cγ) Mean PAGS, µm 2

UHSS I
IF 5.2 ± 0.3 0.7 25 ± 2.8

ESR 6.5 ± 0.1 0.4 13 ± 1.7

UHSS II
IF 8.1 ± 0.2 1.2 27 ± 3.2

ESR 6.6 ± 0.1 0.4 13 ± 2.1

UHSS III
IF 7.1 ± 0.2 0.8 23 ± 2.7

ESR 5.6 ± 0.8 0.8 22 ± 3.1
1 Error bars are the standard deviation of the population. 2 Error bars are 95 % confidence intervals for the mean.

Table 3. Results from simulations of the CCT behavior of the composition of UHSS I, II and III without
and with ESR using JMatPro software [27].

Steel Process
Vol.

Fraction of
Bainite, %

Vol.
Fraction of
Martensite,

%

Vol.
Fraction of

RA, %

Bainite Start
Temperature

(Bs), ◦C

Martensite
Start

Temperature
(Ms), ◦C

UHSS I
IF 0 99 1 388 280

ESR 4 95 1 397 279

UHSS II
IF 0 99 1 384 292

ESR 1 98 1 382 284

UHSS III
IF 8 91 1 426 313

ESR 24 75 1 438 314

It is well known that most of the alloying elements lead to a decrease in the bainite start temperature
(BS) as indicated by the following empirical formula, for example [28].

BS = 630 − 45Mn − 40V − 35Si − 30Cr −25Mo − 20Ni − 15W (1)

The concentrations of some of the alloying elements are decreased as a result of oxidation during
ESR, which leads to a small increase in BS and the bainite volume fraction for the forged ingots with
ESR. Some studies [29–32] have indicated that the increase in Al content resulting from ESR leads to an
acceleration of the bainitic transformation kinetics, an increase in the fraction of bainite and a decrease
in the fraction RA.

Comparing the data in Tables 2 and 3 shows that the JMatPro software was unable to predict the
volume fractions of RA, which were considerably higher than predicted.

Figure 6a–d, Figure 7a–d, and Figure 8a–d show EBSD inverse pole figure (IPF) combined with
image quality (IQ) maps, grain boundary misorientation distributions, lath sizes, effective grain sizes
and effective grain sizes at 90% in the cumulative grain size distribution (D90%) for all the steels
processed without and with ESR.

In the case of UHSS I, as shown in Figure 6, there are significant changes in the microstructural
features because of ESR. ESR decreased the lath size from 1.64 to 1.37 µm (see Figure 6d), whilst the
average effective grain size which determined by high-angle grain boundaries was reduced from 2.03
to 1.50 µm. The value of D90% decreased from 3.5 and 3 µm. All these changes are a result of the sharp
decrease in the PAGS brought about by ESR [33,34] via the increased pinning effects of precipitates
brought about by ESR as will be discussed below.

For UHSS II, as shown in Figure 7, the halving of the PAGS resulting from ESR is accompanied by
a big difference in the effective grain size, lath size and D90%. The lath size was reduced from 1.43 to
1.03 µm as a result of ESR (see Figure 7d), while the mean effective grain size was reduced from 1.70 to
1.06 µm. The values of D90% were measured as 3.2 and 2.5 µm with and without ESR, respectively.
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In the case of UHSS III, for which the PAGS was unaffected by ESR, it can be seen from Figure 8
that the microstructural parameters revealed by EBSD were much less affected than in the case of UHSS
I and II. There is no variation in the distribution of grain boundary misorientations and only slight
variation in the average lath and effective grain sizes because of ESR. The lath size was determined
to be 1.58 and 1.42 µm without and with ESR, respectively (see Figure 8d), while the mean effective
grain sizes were 2.02 and 1.81 µm. The value of D90% was unchanged by ESR at 4 µm. Overall,
the refinement of the austenitic microstructure, the small changes in the chemical composition and
the increase of the BS temperature for the ESR treated variant lead to the formation of lower bainite
separating the prior austenite grains into smaller regions, which hinder the growth of the martensitic
laths [35].
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3.2. Volume Fractions, Size, and Frequency of Precipitates

Figure 9 shows typical images of the precipitates in the steels. To investigate the volume fraction,
size, and frequency of the precipitates, about 20 INLENS-SEM micrographs at high magnifications
covering in total about 588 µm2 were examined for each of the six steels. Image J software was used
to calculate the numbers and sizes of all precipitates. Equivalent circle diameter (ECD) was used to
characterize the particle size, and the volume fractions of the precipitates were calculated using the
following equation [14]:

f =
N 4π

3 (
Dp
2 )

3

S0Dp
=

NπD2
p

6S0
=

2NS
3S0

(2)

where N is the number of particles per investigated area, So the total area analyzed, and S the
particle area.

Table 4 summarizes the effect of ESR on the precipitate characteristics, i.e., the volume fractions,
the number density, the average size, the 95th percentiles in the cumulative size distribution (D95%),
and the maximum size. The number of precipitates increased as a result of ESR in all the steels, i.e., by
29%, 56%, and 40% in UHSS I, II, and III, respectively. Moreover, the volume fractions are increased by
4%, 40%, and 45%. This is presumably a result of an increase in the content of carbon content of the
steels brought about by the ESR treatment. However, the average size, maximum size, and D95% of
the precipitates are decreased as a result of ESR in all the investigated steels. The appearance of the
precipitates and their volume fractions is consistent with their formation via the transformation of
austenite to bainite and the auto-tempering of martensite. As discussed below, only small volume
fractions of precipitates can form directly from the austenite like AlN, TiN, and VN.

Table 5 shows the volume fractions of different precipitates in equilibrium at 950 and 750 ◦C
and their solvus temperatures as predicted by Thermo-Calc 2017b software with the TCFE7 database.
The compositional differences between the steels, especially the large increase in the Al content in the
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steels with ESR, result in clear differences in the predicted equilibrium volume fractions and types of
the precipitates at 950 and 750 ◦C.

The large increase in the solvus temperatures of AlN, TiN, and VN which become higher than the
forging temperatures range (1100–950 ◦C) brought by ESR is due to the change in chemical composition
and is associated with a small increase in the volume fractions of these precipitates at the temperatures
considered in Table 5. Moreover, during forging (1100–950 ◦C), there should be a driving force for
more precipitation of AlN, TiN, and VN. After forging, at 750 ◦C there will be a driving force for the
precipitation of different precipitates based on the steel chemical composition (see Table 5).
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Table 4. Characteristics of precipitates in UHSS I, II and III without and with ESR.

Steel Process

Volume
Fraction of
Precipitates

(f ), %

Number of
Precipitates per

Total Investigated
Area, 588 µm2

Average
Size, nm D95%, nm Max. Size,

nm

UHSS I
IF 0.37 1742 (3/µm2) 49 ± 0.53 120 381

ESR 0.39 2239 (4/µm2) 44 ± 0.41 110 321

UHSS II
IF 0.41 1333 (2/µm2) 59 ± 0.94 170 532

ESR 0.58 2078 (4/µm2) 56 ± 0.61 140 498

UHSS
III

IF 0.31 1108 (2/µm2) 56 ± 1.00 150 565
ESR 0.45 1555 (3/µm2) 54 ± 0.82 140 541
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Table 5. Solvus temperatures and the volume fractions of precipitates in equilibrium at 950 ◦C
and 750 ◦C.

Steel Temperature, ◦C Precipitates
Solvus

Temperature,
◦C

Volume Fractions of
Each Precipitates at

Given Temperature, %

Total Volume
Fractions at Given

Temperature, %

UHSS I
(IF)

950
AlN 1022 0.0100

0.064VN 1064 0.0539

750

AlN 1022 0.0250

2.417
Ti(N,C) 793 0.0003

VN 1064 0.1100
M23C6 [(Cr,Fe)20

(Mo,W)3 (C)6] 803 2.2820

UHSS I
(ESR)

950
AlN 1186 0.0703

0.072TiN 1270 0.0020

750

AlN 1186 0.0750

2.373
VC 900 0.1240

M23C6 [(Cr,Fe)20
(Mo,W)3 (C)6] 800 2.1744

UHSS II
(IF)

950
AlN 1048 0.0140

0.106VN 1120 0.0920

750

AlN 1048 0.0280

2.196
V(N,C) 1120 0.1350
Ti(N,C) 804 0.0006

M23C6 [(Cr,Fe)20
(Mo,W)3 (C)6] 781 2.0320

UHSS II
(ESR)

950
AlN 1224 0.1130

0.119TiN 1396 0.0060

750

AlN 1224 0.1180

2.732
TiN 1396 0.0040
VC 915 0.1400

M23C6 [(Cr,Fe)20
(Mo,W)3 (C)6] 797 2.4700

UHSS III
(IF)

950
AlN 1069 0.0190

0.092TiN 1396 0.0730

750
AlN 1069 0.0310

0.143TiN 1396 0.1120

UHSS III
(ESR)

950
AlN 1178 0.0910

0.093TiN 1305 0.0020

750
AlN 1178 0.1000

0.170TiN 1305 0.0010
V(C,N) 853 0.0690

Figure 10 shows the correlation between the predicted equilibrium volume fractions of precipitates
in the investigated steels without and with ESR formed during solidifications of the ingots and
cooling through the forging temperature range 1100–950 ◦C. It seems that the slight increase in the
predicted equilibrium volume fractions of AlN, TiN, and VN at the forging finish temperature may be
related to the decrease in the PAGS, which is also the main reason behind the refinement of the other
microstructure features.
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3.3. Effect of ESR on Micro-Segregation

There is always some segregation of the alloying elements in steel ingots produced via ESR due to
the inter-dendritic elemental enrichment, which generally has a detrimental effect on the mechanical
properties of the cast and forged products [36]. Arh et al. [33] claimed that the higher temperature
gradients and cooling rates encountered in ESR lead to finer secondary dendrite arm spacings and less
micro-segregation than observed in normally cast steel but, as shown below, such was not the case
with the present steels. To evaluate the effect of ESR on the homogeneity of the steel alloy contents,
i.e., micro-segregation, in the case of the present steels, the distributions of Cr, W, Mo, Ni, Mn, V,
and Si were measured using EPMA. To determine the degree of elemental segregation, the nominal
segregation index (ζi) [37,38] was calculated using the following equation, and the results are given in
Table 6:

ζi = Ci
o/Ci

interdendritic (3)

where Ci
o is the nominal concentration of the alloying elements listed in Table 1 and Ci

interdendritic is the
concentration of the alloying elements measured in the interdendritic area. Moreover, IDS software [39]
was used to predict the degree of segregation by determining the nominal segregation index and given
in Table 6. However, unfortunately, it is not possible to calculate the nominal segregation index for W
because it is not included in the IDS software.

Table 6 shows that there is no significant effect of ESR on the segregation of the alloying elements.
Presumably, the effect of the smaller secondary dendrite arm spacings, i.e., smaller diffusion distances,
is counteracted by the shorter diffusion times that result from the higher cooling rates. Table 6 also
indicates that, in many cases, the IDS software is able to predict segregation indices that are close to the
experimentally measured values.
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Table 6. Theoretical and experimental segregation indices (ζi) for the alloying elements.

Steel Process Si Cr W Mo Ni Mn V

UHSS I
IDS Calc. 0.8 0.7 NA 0.3 1.0 0.8 0.4

IF 0.8 0.6 1.0 0.4 0.9 0.8 0.4
ESR 0.8 0.6 0.8 0.4 1.0 0.7 0.5

UHSS II
IDS Calc. 1.1 0.6 NA 0.2 0.9 1.4 0.2

IF 0.7 0.6 1.0 0.4 0.9 0.8 0.3
ESR 0.7 0.7 0.8 0.5 1.0 0.7 0.5

UHSS III
IDS Calc. 0.8 0.7 NA 0.3 0.9 0.8 0.4

IF 0.7 0.6 1.0 0.5 1.0 0.8 0.5
ESR 0.7 0.7 1.0 0.6 1.0 0.8 0.4

3.4. Mechanical Properties

Table 9 summarizes the mechanical properties of all investigated UHSS with and without ESR.
As can be seen, there are no simple trends resulting from ESR. This is to be expected as the mechanical
properties are a complex result of the combined influence of chemical composition and processing
parameters on the final microstructure as discussed below. In addition to microstructure, inclusion
cleanliness is also important from the point of view of toughness.

Different contributions to yield strength, such as the contribution from lath refinement
strengthening (σL), precipitation strengthening (σp), and dislocation density strengthening (σD),
have been calculated and the results are given in Table 7. The lath refinement strengthening was
estimated from Equation (4) [40]. However, in order to use Equation (4), the magnitudes of the lath
sizes were converted from ECD to mean linear intercept (MLI) with the aid of Equation (5) [41] and
both values are given in Table 8. The precipitation strengthening contribution (σp) was calculated using
Equation (6), i.e., the Ashby–Orowan equation, [42].

σL(MPa) = 115/dL (4)

where dL is the lath size in µm.

ECD =

√
4
π

MLI (5)

σp =

12.2
√

f
D

 ln(1630D) (6)

where f is the volume fraction of precipitates and D is the precipitate diameter in nm.
Dislocation density (ρ) and its contribution to strengthening (σD) have been calculated using

Equations (7) and (8) [43,44]:
ρ× 10−15 = 0.7 + 3.5wt.% (7)

σD = αGbρ
1
2 (8)

Here α is a constant equal to 0.24, G is the shear modulus (80 GPa), and b is the Burgers vector
(0.25 nm).
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Table 7. Contributions to yield strength.

Steel Process σL, MPa Increment due
to ESR, MPa

σp, MPa Increment due
to ESR, MPa

Dislocation Increment due
to ESR, MPaDensity, m−2 σD, MPa

UHSS I
IF 54

23
84

1
1.75 × 1015 201

4ESR 78 85 1.82 × 1015 205

UHSS II
IF 72

66
90

16
1.58 × 1015 190

9ESR 137 106 1.72 × 1015 199

UHSS
III

IF 59
13

78
15

1.23 × 1015 168
7ESR 72 93 1.33 × 1015 175

Table 8. ECD and MLI lath sizes.

Steel Process Lath Size (ECD), µm Lath Size (MLI), µm

UHSS I
IF 1.64 2.12

ESR 1.37 1.48

UHSS II
IF 1.43 1.60

ESR 1.03 0.84

UHSS III
IF 1.58 1.95

ESR 1.42 1.59

Table 9. Tensile properties, Charpy-V notch impact toughness and hardness of investigated UHSS
without and with ESR.

Steel Process

Tensile Properties Charpy V Test at Room
Temperature Hardness

Rm, MPa Rp0.2, MPa A, % Absorbed
Energy, J

Ductile 1

Fracture%
HV10

Calculated
Hardness for Full

Martensite 2

UHSS I
IF 1872 ± 14.63 1145 ± 23.07 12 ± 1.33 24 ± 0.5 30 548 ± 6 558

ESR 1978 ± 32.70 1277 ± 14.14 14 ± 0.15 25 ± 0.5 34 595 ± 5 576

UHSS II
IF 1729 ± 6.82 1153 ± 17.14 18 ± 0.16 36 ± 0.5 59 532 ± 10 514

ESR 2007 ± 7.74 1216 ± 17.20 14 ± 0.25 27 ± 1 30 562 ± 13 549

UHSS
III

IF 1353 ± 9.06 921 ± 5.47 19 ± 0.58 53 ± 3.5 69 411 ± 4 426
ESR 1265 ± 13.08 831 ± 19.99 21 ± 0.52 67 ± 2.5 72 386 ± 3 452

1 Ductile fracture % was calculated according to ASTM A 370-11. 2 The hardness values for full martensitic structure
have been calculated using the following equation [45]: HV (martensite) = 884C − (1 − 0.3C2) + 294. Error bars are
standard deviation from the mean.

3.4.1. Changes in the Mechanical Properties of UHSS I

In UHSS I, as a result of ESR tensile strength, yield strength and hardness are increased by 106 MPa
(6%), 132 MPa (12%), and 47 HV (9%). The differences in the elongation to fracture and CVN impact
toughness were not significant at the 95% confidence level according to Student’s t-test analyses.

The increase in the UTS, YS, and hardness may be attributed to several parameters which are
interrelated, and it is very difficult to separate the effect of these parameters from each other. The slight
increase in the carbon content from 0.30% to 0.32% as a result of ESR might be one of the reasons
for strengthening the martensite and increasing the strength and hardness values. The high cooling
rate of ESR indirectly leads to solution hardening and increases the strength and hardenability by
decreasing the size of precipitates through inhibition of alloying elements diffusion and increasing
the dissolution of alloying elements in the matrix. Moreover, refinement of the PAGS, effective grain
size, and lath size from 25, 2.03 and 1.64 to 13, 1.5 and 1.37 µm will contribute to increasing the
strength and hardness values. The refinement of the PAGS may be due to the presence of AlN and TiN
precipitates which formed during the forging process, as discussed above. These could produce Zener
pinning effects that hinder the growth of the PAG. Further, an increase in the RA % may contribute
to increasing the ultimate tensile strength as a result of its transformation to martensite as a result
of the TRIP effect. In addition to the microstructure refinement and precipitation strengthening,
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the dislocation density will contribute to increasing the yield strength via dislocation strengthening
mechanism. The incremental contributions to the yield strength as a result of ESR from σL, σp, and σD
were estimated to be 23, 1 and 4 MPa, respectively (see Table 7). The remaining 104 MPa from the
total improvement of the yield strength caused by ESR presumably results from the slight increase
in carbon content from 0.30% to 0.32% and the great refinement in the PAGS and the effective grain
size. Increases in the yield strength of martensite have been attributed to both finer PAGS [8] and
effective grain size (block size) [46]. Moreover, increases in the yield and tensile strength of bainite
have been attributed to the refinement of PAGS, packet size, and block size [47]. As suggested by
Hutchinson et al. [48], most of the strength of martensite is probably due to segregated carbon atoms.
It is possible, therefore, that the majority of the differences in strength in the present case is due to the
small increase in carbon content from 0.30% to 0.32%.

Despite the large increase in the UTS, YS and hardness, the elongation and impact toughness
have the same or slight increase and there is a slight increase in the percentage of ductile fracture from
30% to 34% as a result of ESR. This return to the high degree of refining with ESR as observed in our
previously published work [19] in which the total impurity level reduced with ESR by 46%. Moreover,
removal of most MnS, which has the most detrimental effects on toughness and ductility and some of
them are nucleate and grow on some oxide or nitride inclusions leading to smaller size multiphase
inclusions with an oxide or nitride core surrounded by sulfide, e.g., (MnS·Al2O3), (MnS·TiN·Al2O3),
(MnS·CaO·Al2O3), (MnS·TiO2), (MnS·TiN), (MnS·(TiV)N), and (MnS·TiON) with the modified (Ca·Mn)
S and CaS·Al2O3. These formed NMIs have more resistance to deformation than MnS, which also
enhances the impact toughness. Moreover, removal of low deformability index, hard and large oxides
inclusions occupying large area fractions in UHSS I without ESR like (Al2O3·SiO2), (MnO·Al2O3·SiO2),
(MnO·SiO2), (CaO·MnO·Al2O3·SiO2), (MnS·Al2O3·SiO2), (MnS·SiO2) or converted to other modified
inclusions with a lower melting point such as xCaO·yAl2O3 is the main reason to prevent deterioration
of the impact toughness and elongation to fracture properties. Moreover, decreasing the effective grain
size leads to increasing the large angle boundaries that the crack needs to pass through, which leads
to increasing the energy required and, hence, enhancing or preventing deterioration in the impact
toughness properties.

However, the insignificant effect of ESR on increasing impact toughness in the case of UHSS I may
be the result of increasing the Al content by 85% and the area fraction of Al2O3 particles by 95% with
ESR as a result of the Al deoxidant added at the beginning of the experiment. Moreover, the presence of
titanium nitride inclusion with ESR in the complex multiphase inclusions, e.g., (TiV)N·(MnS·TiN·Al2O3),
(MnS·TiN), (MnS·(TiV)N), (TiN·Al2O3), and (TiON·MnS) can be one of the reasons which prevent
increasing the impact toughness despite the high degree of refining in the microstructure features
because the TiN inclusions are characterized by large blocky cubic morphology and cracks initiate
easily at its sharp corner or in the TiN particles itself because of its brittleness [49]. Cox and Low [50]
concluded that decreasing the number and size of NMIs of 4340 steels can not only increase the void
nucleation resistance but also improve its toughness properties.

3.4.2. Changes in the Mechanical Properties of UHSS II

In UHSS II, UTS increased substantially after ESR by 278 MPa (16%), YS increased by 63 MPa
(5%), and hardness by 30 HV (6%). However, elongation to fracture and CVN impact toughness are
deteriorated by four percentage points (22%) and 9 J (25%), respectively. The calculated strengthening
contributions from laths, precipitates, and dislocations (see Table 7) show an expected increment in the
yield strength of about 91 MPa, which is close to the actual increase of 63 MPa. The deterioration in
elongation to fracture and CVN impact toughness are natural consequences of the increase in UTS,
probably in combination with the appearance of Al2O3 inclusions.
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3.4.3. Changes in the Mechanical Properties of UHSS III

Unlike the expected increment in the strength and hardenability as a result of ESR, major differences
in the mechanical properties of UHSS III with ESR, as UTS, YS, and hardness are decreased by 88 MPa
(7%), 90 MPa (10%), and 25 HV (6%), respectively. However, elongation to fracture and CVN impact
toughness are enhanced by two percentage points (11%) and 14 J (26%).

The main reason for decreasing the tensile properties and hardness are the increasing of the volume
fraction of bainite from 54% to 66% with ESR due to the slight change in the chemical composition
which leads to increase the bainite start temperature from 428 to 439 ◦C, as calculated using JMatPro
software using the chemical composition without and with ESR.

Enhancement in the elongation and impact toughness returned to the refinement of the bainitic
and martensitic structure as the effective grain size and lath sizes were reduced from 2.02 to 1.81 µm
and from 1.58 to 1.42 µm, respectively, as a result of ESR and the presence of AlN and TiN precipitates
at high temperatures. Reducing the size of the effective (high angle grain boundary) grain size of the
martensitic structure leads to increasing the work needed to propagate the initiated cracks across its
high angle grain boundaries as a result of changing the crystallographic orientation and the crack
direction when cracks start to propagate across the high angle boundary [51]. The increasing high
angle boundaries are confirmed by the slight increase in the peak of misorientation at 58◦. This may
arrest the local cleavage crack, which starts to require more load to overcome these barriers before the
final failure [52]. This behavior leads to increased impact toughness.

3.5. Fractography

Figure 11 shows fractographs of selected areas from broken tensile test specimens. The fracture
surfaces show the dimples characteristic of the microvoid coalescence associated with ductile fracture.
Without ESR, Figure 11a–c reveals the presence of large voids, which are due to the presence of large
NMIs with ECDs ranging from 8 to 10 µm, as observed in our previously published work [19]. However,
after ESR, the frequency and sizes of the NMIs are reduced, which is seen as a lower incidence of large
voids in the fracture surfaces in Figure 11d–f.
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4. Conclusions

Three ultrahigh-strength steels containing different amounts of Cr, Ni, Mo, W, Mn, and V have
been melted in an induction furnace and then refined using ESR technology with a slag based on
CaF2. A detailed investigation of bars forged, and air cooled from the induction melted ingots and the
ESR ingots has been made. This included characterization of the microstructural components present,
PAGS, effective grain, and lath sizes, number and size of precipitates, and degree of micro-segregation
together with tensile and Charpy V impact testing. The following conclusions can be drawn.

1. ESR leads to refinement of the PAGS in all of the investigated steels.
2. ESR has almost no effect on the degree of micro-segregation.
3. It is not possible to draw general conclusions regarding the effect of ESR on the NMI characteristics,

microstructure, and mechanical properties. The effect depends on the impurity level, the starting
chemical composition, and the change in chemical composition during ESR, together with the
composition of the slag and the details of the subsequent thermomechanical treatment.

4. For the fully martensitic steels studied, ESR leads to an increase in the UTS, YS, and hardness.
Many microstructural features have been identified that can contribute to the improvement
of these properties: Refinement of the PAGS, the effective high-angle grain size, and the lath
size, an increase in the number of fine precipitates, and an increase in RA. However, for the
fully martensitic steels, the effect of ESR on elongation to fracture, CVN impact toughness, and
percentage ductile fracture varies with the steel chemistry.

5. For the steel with a mixed martensitic–bainitic microstructure, the changes in chemical composition
brought about by ESR led to an increase in the volume fraction of bainite, which lowered the UTS
and YS, but enhanced the elongation to fracture, the CVN impact toughness, and the percentage
ductile fracture.

6. The reduction in the size and incidence of NMIs brought about by ESR leads to a reduction in
the incidence of large microvoids on the ductile fracture surfaces of room temperature tensile
test specimens.
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