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1 Introduction

1.1 Microstructure at Different Length Scales

Understanding the microstructure at different length scales plays an important role in
the design and development of new alloys or improving the performance of existing
alloys. The microstructure can be characterized at different levels viz., optical, scan-
ning and transmission electron microscopies and 3D atom probe. Figure 1 shows the
microstructures of high strength naval steels (HSNS) using different microscopy tech-
niques. At optical level (Fig. 1a), the microstructure shows the presence of banding
of microstructure, grain size, types of phases, e.g., ferrite and pearlite. Finer details
of the phases, relatively coarse precipitates along with their chemical compositions,
can be obtained in scanning electron microscopy (SEM) (Fig. 1b). At electron back
scattered diffraction (EBSD) level (Fig. 1c), microstructural features like different
phases, grain size and its distribution, orientation of different grains, etc. can be
characterized. Very fine microstructure details like dislocations, inter-and intra-lath
particles of more than 5 nm size along with their chemistry and crystal structure can be
obtained from transmission electron microscopy (TEM) (Fig. 1d and e). All the above
microscopy techniques provide microstructural information in the lateral direction.
3D atom probe (3DAP), with its single atom resolution, provides the microstructural
information in the depth direction [1]. It helps in obtaining elemental distribution
in different phases, various attributes of clusters and their evolution with processing
and chemistry (Fig. 1f).
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Fig. 1 Microstructure of high strength naval steels (HSNS) at different length scales; a optical, b
SEM, ¢ EBSD, d and e TEM and f 3D atom probe

If one understands the microstructure of a given material at these different levels
as a function of composition and processing windows and its correlation to the
obtained mechanical properties of the material, one would be able to design a new
composition or processing windows or modify the existing composition to achieve
improved mechanical properties. This approach for alloy design has been employed in
design and development of secondary hardening ultra-high strength (SHUHS) steels
through balancing of strength and fracture toughness. This book chapter describes
our efforts in minimizing the number of experiments in improving the strength of
existing DMRL UHS steel without compromising the toughness. Initially, a brief
background (Sect. 2) on the development of typical SHUHS steels and the current
understanding of the microstructure of these steels has been presented followed by
recent developments in understanding the microstructure using 3D atom probe with
reference to DMRL UHS steel (Sect. 3.1). Since the objective of the work is to mini-
mize the number of experiments through thermodynamic calculations, ThermoCalc
has been used extensively to understand the phase stability and its correlation to the
achieved mechanical properties in typical SHUHS steels and DMRL steel. Ther-
moCalc findings and understanding of the microstructure in typical SHUHS steels
and the DMRL steel have been used to select few alloys for experimental validation
using thermodynamic calculations on DMRL steel by varying Cr and Mo contents
and are presented in Sects. 3.2, 3.3, 3.4, 3.5, 3.6, and 3.7. Finally, before presenting
the conclusions of the present work in Sect. 5, the opportunities and challenges asso-
ciated with the use of semi-empirical approach in alloy design have been presented
in Sect. 4.
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Table 1 Nominal composition and mechanical properties of standard SHUHS steels

Steel C Co |Ni Cr Mo |Fe | Mechanical properties

YS,MPa | UTS, MPa | Kjc, MPa /m
HY180 0.10 | 8.0 |10.0 |2.00 |1.00 |Bal |1250 1380 233
AF1410 0.16 [14.0 | 10.0 |2.00 |1.00 |Bal |1533 1675 158
Aermet100 |0.24 |13.4 |11.5 |3.00 | 1.20 |Bal | 1724 1965 126
Aermet310 |0.25 |15.0 [11.0 |2.40 | 1.40 |Bal | 1896 2172 71
Aermet340 |0.33 |15.6 |12.0 |2.25 |1.85 |Bal | 2068 2379 37

2 Background

2.1 Secondary Hardening Ultra-High Strength (SHUHS)
Steels

SHUHS steels possess excellent combination of high strength, fracture toughness
and stress corrosion cracking resistance, which make them candidate materials for
niche applications such as aircraft landing gear and armor [2]. Table 1 shows the
composition and mechanical properties of the standard SHUHS steels in typical heat
treatment conditions [3]. Chronologically, the standard SHUHS steels have been
developed in the order: HY 180, AF1410, AerMet100, AerMet310 and AerMet340.
It can be seen that, except for Cr, amounts of all other alloying elements have been
increased progressively from HY 180 to AerMet340 steels. Cr has been increased to
3wpct in AerMet100, decreased to ~2wpct and maintained in the vicinity of 2wpct in
the later grades of steels. Mo and C have shown a continuous increase from HY 180
to AerMet340 steel. Co was increased significantly from HY 180 to AF1410 and
maintained at that level in the later grades, while Ni was increased steadily from
HY 180 to AerMet340. With increase in the amount of total alloying elements from
HY 180 to AerMet340, strength properties have also been increased with concomitant
decrease in fracture toughness.

2.2 Tempering Response of SHUHS Steels

The microstructure of these steels in the as-quenched condition consists essentially
of lath martensite along with small amounts of undissolved primary carbides such as
MC, MC and M»3Cg [4, 5]. The typical tempering behavior of these steels (Fig. 2)
reveals that [4, 6-11] during low temperature tempering (200-300 °C), the strength
of the steel drops slightly with an increase in tempering temperature, it increases to
reach a peak in the range 450-600 °C and tempering beyond this temperature results
in a decrease in strength/hardness. In contrast, toughness increases marginally in the
200-300 °C tempering range, decreases to a minimum in the vicinity of 425 °C and
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increases significantly when tempered beyond 425 °C. The toughness minimum at
425 °C has been attributed to the formation of coarse cementite (Fig. 3a). Tempering
beyond 425 °C, typically in the range 450—-600 °C, results in the dissolution of this
coarse cementite and provides carbon for the formation of fine dislocation nucleated
M,C alloy carbides, which is associated with the peak hardness/strength of these
steels. At even higher tempering temperatures, needle-shaped M, C precipitates begin
to coarsen resulting in a slight loss of strength but accompanied by a disproportionate
increase in toughness (Fig. 3b). For this reason, all secondary hardening steels are
put into service in this slightly overaged condition.
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Fig. 2 Tempering response of AerMet100 steel [4]

Fig. 3 TEM micrographs of Aermet 100 steel at a 427 °C and b 566 °C tempering treatments [4]
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3 Recent Developments and Current Status

3.1 DMRL UHS Steel

Steel similar to typical SHUHS steels, designated as DMRL UHS steel, is being
developed at DMRL with a nominal composition (in wt. %) of 0.37C, 14.8Co, 13.7Ni,
2Cr, 1Mo and Fe (bal.). Typical mechanical properties in different heat treatment
conditions are shown in Table 2. This table shows that at similar strength levels,
the samples tempered for 8 h at a given tempering temperature of either at 485 °C
or 495 °C show nearly 50% improvement on fracture toughness. Microstructural
characterization at SEM (Figs. 4a and b) and TEM (Figs. 4d and e) scales shows no
apparent differences, and differences in cluster size and number density have been
observed in 3D atom probe (Figs. 4c and f). The sample tempered for 8 h shows
significantly higher fraction of clusters compared to 4 h sample. It has been reported
that clusters have the potential to significantly improve both strength and toughness
simultaneously [12, 13]. In addition to this, significant fractions of clusters were
found to be deficient in carbon along with clusters close to M,C stoichiometry [14].
To understand the influence of composition on the amount of M,C and the presence
of carbon-deficient clusters, composition of M,C has been examined—to form M,C,
two metal atoms (Cr, Mo and V) and one carbon atom are required. DMRL SHUHS
steel contains (in at. %) 2.16Cr, 0.58Mo, 0.22 V and 1.73C. The total amount of
carbide forming elements (Cr + Mo + V) is 2.96at. %. If we assume that the entire
amount of carbide forming elements are consumed in forming M,C carbides, it
would have only used upl.48at. % C, resulting in the availability of excess 0.25at.
% C. Moreover, in spite of the availability of this excess carbon, carbon-free clusters
consisting of Cr, Mo and Fe have been observed in DMRL SHUHS steels [14].
This loss of M to such clusters results in a lesser fraction of M,C than is possible
if all available carbide forming M elements were used to form M,C. In contrast, in
standard SHUHS steels as summarized in Table 1, there is excess amount of carbide
forming elements and hence increased strength. Therefore, it is hypothesized that by
increasing the amount of carbide forming elements (Cr and Mo), one may be able to
utilize all the excess carbon and maximize the amount of M,C and perhaps increase
strength further. This understanding has been utilized as the basis for modification
of the composition of DMRL UHS steel. The question then arises as to how much
the amount of Cr and Mo can be increased over and above the levels of DMRL
UHS steel. It is well known that experimental design of alloys following empirical
trial and error approaches, particularly of the multi-component steels containing 6—
10 alloying elements, is rather expensive, time consuming and involves enormous
efforts before realizing a promising composition with desired set of mechanical
properties. Therefore, a semi-empirical approach involving both computations using
ThermoCalc [15] and experiments has been adopted in this work.
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Table 2 Mechanical properties of the DMRL SHUHS at different tempering temperatures

Heat treatment condition | Yield strength, MPa | UTS, MPa | Elongation, % | Kic, MPa/m
(Temp., °C/time)

485/4 h 1855 2105 12.6 45.0
485/8 h 1825 2040 134 66.0
495/4 h 1825 2050 14.0 60.5
495/8 h 1775 2030 15.0 87.0

Fig. 4 Microstructure of DMRL UHS steel tempered at 485 °C fo—4 h a SEM, d TEM and ¢
atom map of clusters and—=8 h b SEM, e TEM and f atom map of clusters

3.2 Validation of ThermoCalc for Design of SHUHS Steels

Initially, ThermoCalc has been used to predict the equilibrium phase fractions and
their compositions as a function of temperature in typical SHUHS steels for which
experimental data is available. These calculations suggest that ThermoCalc can be
used to investigate phase equilibria in standard SHUHS steels, especially if correc-
tions are made by suppressing the stable carbide phases that are typically not observed
experimentally for kinetic and other reasons. A typical phase fraction calculation
depicting the comparison of M,C phase fraction in standard SHUHS steels as a
function of temperature in the tempering regime is shown in Fig. 5. The predicted
maximum amount of M,C increases (in mole %) from ~1.4 in HY180 to 2.3 in
AF1410 and further to 3.4 in AerMet100. The temperature at which complete disso-
lution of a given precipitate occurs is called the maximum dissolution temperature,
Tq4, and this temperature also follows the same trend, i.e., increasing from 740 °C
in HY180 to 770 °C in AF1410 to 825 °C in AerMet100. The higher mole frac-
tion and T4 for M,C in AF1410 steel may be attributed to higher carbon content
in AF1410 relative to HY 180 (Table 1). The amount of M,C in AerMet100 steel is
significantly higher than the other two due to higher amounts of all carbide forming
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Fig. 5 M)C phase fraction in standard SHUHS steels as a function of temperature in the tempering
regime

elements (Table 1). It can be seen from Fig. 5 and Table 1 that the predicted M,C
phase fractions of the steels correlate well with the observed mechanical properties:
AerMet100 with highest M,C carbide fraction exhibits the highest strength. This
suggests that if one were to design a new alloy with enhanced strength, one could do
so by increasing the amount of M,C carbides, which in turn could be achieved by
modifying the composition.

3.3 Calculations Based on DMRL UHS Steel

Based on the understanding of the ThermoCalc predictions in standard SHUHS steel,
similar calculations have been extended to DMRL UHS steel through variations of
Cr and Mo and keeping the other alloying elements same as those in DMRL steel
except Fe. Contour plots of M,C phase fraction and Cr/Mo ratio in M,C carbide
at a typical tempering temperature of 450 °C are shown in Fig. 6. The reason for
mapping the Cr/Mo ratio of M,C carbide is that this ratio influences the coarsening
resistance of the carbide during tempering and it is desirable to keep this ratio at
minimum to obtain maximum coarsening resistance for the M,C carbide and hence
higher strengthening [16, 17]. DMRL composition is indicated with dark spot in both
these maps. The most desirable region in the phase fraction map (Fig. 6a) is red color
region with maximum M,C phase fraction and the desirable region in Cr/Mo ratio
map (Fig. 6b) is gray color region.
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Fig. 6 Contour maps with variation of Cr and Mo in DMRL UHS steels at 450 °C; a M,C phase
fraction and b Cr/Mo ratio of M,C carbide

3.4 Design Criteria

Initially, the M, C fraction and Ct/Mo ratio have been considered to select the alloys.
The design criteria has been arbitrarily chosen such the model alloys shall have at least
50% higher M,C phase fraction (>4.32%) than the DMRL steel with 2.88 mol.%
and Cr/Mo ratio of the M,C carbide shall be at least 50% lower (<1.16) than that
of the DMRL steel with 2.31. Based on these two criteria, a combined contour map
of M,C fraction and Cr/Mo ratio at 450 °C tempering temperature has been plotted
as shown in Fig. 7. The maroon color line and the horizontally hatched region in
maroon indicate the range of compositions where the M, C fraction is equal to lesser
than the desired target (>4.32%). Similarly, the green color line and the vertically
hatched region in green represent the range of compositions where the Cr/Mo ratio
of the carbide is equal to or higher than the target (<1.16). The white unhatched
region is the most desirable region which indicates the compositions where the M,C
fraction is at least 50% higher and the Cr/Mo ratio in M, C is at least 50% lower than
that in DMRL UHS steel. Three model alloys, Cy;, C,3 and Css, indicated with black
spots, have been selected for experimental validation. The first and second subscripts
denote the nominal weight percent of the Cr and Mo, respectively. Other alloying
elements such as C, Co and Ni are kept at the levels of DMRL UHS steel, i.e., C:
0.37, Co: 15 and Ni: 14.

3.5 Experimental Results on Model Alloys

The selected model alloys have been melted as 500gms pancakes, rolled to 3-mm-
thick sheets and subjected to a series of austenitizing treatments between 1000 and
1150 °C to optimize the austenitizing temperature [18]. These results suggest that the
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Fig. 7 Combined contour map of both M;C fraction and Cr/Mo ratio in MC carbide at 450 °C
with variation of Cr and Mo concentrations. The three model alloy compositions are indicated with
filled black circles

hardness is relatively insensitive to austenitizing temperature when the temperature
is increased from 1000 to 1150 °C, whereas the hardness is decreased in C,3 steel
and more drastically decreased in Css steel with increase in austenitizing tempera-
ture. Further, it has been found that the C,; steel exhibited highest hardness followed
by Cy3 and Css in spite of higher Cr and Mo levels in the latter steels. Microstruc-
tural origin for the lower hardness in C,3 and Css steels at 1000 °C and 1150 °C at
different length scales reveals the presence of higher fraction of retained austenite
as shown in Fig. 8. Quantification of amount of retained austenite (RA) of samples
subjected to oil quenching and LN, (OQ + LN;) treatment following austenitizing
using EBSD (Table 3) suggests that with increase in Cr and Mo contents and austen-
itizing temperature, austenite has become more stable and the fraction of RA in Cs;s
steel is more than 50%. Further, it has been observed that Css retained significant
fraction of undissolved precipitates even after austenitizing at 1150 °C (Fig. 9). Based
on these experimental results, Css was not studied further since it is not fulfilling
the design criteria of having maximum amount of martensite for matrix strength-
ening and retaining higher faction of undissolved precipitates which minimizes the
amounts of alloying elements participating in secondary hardening reaction to form
strengthening precipitates and hence reducing the strength of the steel. Therefore,
all the further studies were concentrated on C,3 and compared against the C;; steel,
being the base composition above which the composition is modified for improved
performance.
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Fig. 8 Optical micrographs of samples austenitized at 1150 °C; a Cp3 and b Css

Table 3 Relative amounts of retained austenite in C»3 and Css subjected to austenitizing at 1000 °C
and 1150 °C followed by OQ + LN treatment

Steel Austenitizing temperature, "C Area % of austenite
Cxs 1000 2.08

1150 8.69
Css 1000 40.70

1150 56.30

Spm

Fig. 9 SEM micrographs of samples subjected to 1150 °C, followed by OQ + LN, treatment; a
Cp3 and b Cs5 [18]

3.6 Comparison of Cz; and Cz3 Alloys

Both C;; and C,3 steels exhibit similar tempering response, which shows that the
hardness increases slowly at lower tempering temperatures of nearly 300 °C, reaches
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a peak at 450 °C and then falls sharply when tempered at temperatures beyond
450 °C. However, the hardness of C,3 was found to be significantly higher than C;,
at all tempering temperatures, reaching a maximum difference of 90VHN at 450 °C.
Detailed microstructural characterization of both C;; and C,3 steels suggests similar
microstructural features, as observed in typical SHUHS steels [4, 16, 19—24], showing
the presence of alloy cementite at lower tempering temperatures of 400 °C (Fig. 10).
This alloy cementite was found to be dissolved and replaced by fine M,C carbides
when tempered at tempering temperatures of above 500 °C. However, at peak aged
(450 °C) and slightly over aged (500 °C) conditions, it was rather difficult to establish
the type of precipitates due to fine nature of the precipitates and high dislocation
density of the martensitic matrix [4, 25, 26]. 3D atom probe, with single atom atomic
resolution [1], has been used to identify the nature of these fine precipitates. In
these aged conditions, extremely fine precipitates and numerous atomic clusters
have been observed using atom probe as shown in atom map of 450 °C tempered
sample (Fig. 11). Detailed quantitative analysis of these clusters in terms of cluster
composition, size, number density and volume fraction has been carried out. When
the composition of these clusters in terms of (Cr+Mo)/C ratio is plotted as a function
of size in the form of a contour map, three individual peaks in number density have
been observed for both C,; and Cy; steels suggesting three different types of clusters
(Fig. 12) [27].

Based on the observation of three peaks and the type of carbides typically
formed in this class of steels, clusters have been classified into three types, namely
Type I (carbon-rich clusters, (Cr+Mo)/C ratio < 1.5), Type II (clusters close to
M,C stoichiometry, (Cr+Mo)/C ratio = 1.5-3.25) and Type III (metal-rich clus-
ters, (Cr+Mo)/C ratio > 3.25). Evolution of cluster composition and volume fraction
(V) of the clusters (Fig. 13) with aging temperature in Cy; steel suggest that Type I
clusters dissolve initially to form Type II and Type I1I clusters at lower aging tempera-
tures of 400 °C, and when the samples are tempered at relatively higher temperatures,
Type III clusters also gets dissolved and are replaced by the Type II clusters. Cluster

Fig. 10 Micrographs of C3 steel tempered at 400 °C; a SEM and b bright field TEM image
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Fig. 11 Atom map showing the presence of fine precipitates and clusters in C»3 tempered at 450 °C
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Fig. 12 Contour maps in terms of number density, (Cr+Mo)/C ratio and size of clusters in 400 °C
tempered samples; a C; and b Cy3 [27]

composition evolution in C,3 was found to be slightly different. When the samples
are aged at 400 °C or beyond, both Type I and Type III clusters get dissolved and
replaced by Type II clusters. Further, C,3 was found to contain more numerous Type
II clusters compared to Cy; which can be attributed to higher Mo content. In both
steels, the size of Type II clusters has been increased with increase in aging temper-
ature and M/C ratio of the clusters approaches close to 2 with increase in size of the
clusters suggesting that these clusters are either fine M,C carbides or precursors to
the formation of M,C carbides. Timokhina et al. [28] also reported similar results in
Ti-Mo steel which suggests that the composition of Ti-Mo-Fe clusters approaches
equilibrium composition of MC precipitates as the size of the clusters is increased.
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Fig. 13 Volume fraction of various types of clusters under different heat treatment conditions; a
C21 and b C23 [27]

Table 4 Comparison of M,C fraction and Cr/Mo ratio from ThermoCalc and 3D atom probe

Steel Mole fraction of M,C Cr/Mo ratio

ThermoCalc 3DAP ThermoCalc 3DAP
Cyy 2.58 0.93 2.46 0.97
Ca3 5.09 1.80 0.98 0.60

3.7 Comparison of ThermoCalc and Experimental Results

The observed hardness differences between C,; and C,3 can be correlated to
microstructural features, especially Type II clusters (M, C type) which in turn can be
attributed to higher Mo content in Cy3 relative to C;. Summary of mole fraction and
Cr/Mo ratio of M,C carbide predicted from ThermoCalc and the measured volume
fraction and Cr/Mo ratio from 3DAP experiments is shown in Table 4. The predicted
mole fraction of the M,C carbide from ThermoCalc in C,3 is almost double that
of C,;. 3D atom probe results also suggest that the measured volume fraction of
M,C type clusters is also double that of C,;. Similarly, the Cr/Mo ratio predicted
by ThermoCalc and measured by 3D atom probe is close to half in C,3 compared
to that in C;;. Although the absolute values of M,C phase fraction and the Cr/Mo
ratio of the M,C carbide may not be the same in ThermoCalc predictions and 3D
atom probe, the trends predicted by both theoretical calculations and experimental
measurements are the same.

4 Opportunities and Challenges

The design approach adopted in this work involves understanding the existing the
experimental data in the field of SHUHS steels and applying the computational tools
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such as ThermoCalc for alloy designing. Though the methodology was explained
with reference to SHUHS steels, the general principles elucidated here, in general,
are applicable to other steels as well as other alloy systems. This approach provides
ample opportunities in alloy designing. One can theoretically verify several combi-
nations of alloying elements with varying amounts and understand the influence
of these alloying elements on phase stability, amounts of phases and their compo-
sition as a function of temperature without going for experimental validation of
multiple alloys. The objective of the present work is not to replace the experiments
completely. Instead, design multiple alloys theoretically and experimentally process
very few alloys that appear to be more promising. This approach not only reduces
the number of alloys for experimental validation but also can be used to predict the
processing windows for the selected alloys, which would in turn further reduce the
experimental efforts. Therefore, this approach significantly reduces the more expen-
sive experiments, saves time and efforts in developing new alloys or improving the
performance of existing alloys.

Though this approach significantly reduces the experimental efforts and reduces
the alloy development time, it also poses several challenges. One should have a
thorough knowledge of the alloy systems in terms of formation of different phases,
approximate temperature ranges for their formation and so on. For example, in the
current work, MgC and M;3Cg are predicted as stable phases when both these phases
were allowed to form in the calculations, and the strengthening precipitate in this
class of steels, M,C, has not been predicted. However, extensive literature suggests
that M,C is the strengthening precipitate in this class of steels [4, 10, 16, 19, 20].
Since MC and M»3C¢ are thermodynamically more stable carbides and hence were
predicted in the calculations instead of meta-stable M,C carbide. However, experi-
mentally, MgC and M;3Cs normally do not form in the typical tempering regimes in
these steels for kinetic reasons. Therefore, these carbides have been suppressed in
the calculations. Unless one has a fair knowledge of formation of different phases
in a given alloy system, there is every chance that the results can be misinterpreted.
However, it is often difficult to obtain prior knowledge on all alloy systems of interest,
especially in the absence of extensive experimental work. In such cases, caution must
be exercised while interpreting the results predicted from the calculations.

5 Conclusions

This work has clearly demonstrated that understanding the microstructure at different
length scales can play a major role in the design and development of a new set of alloys
with improved performance or designing new alloys. A semi-empirical approach
using ThermoCalc calculations has been employed to improve the performance of the
secondary hardening ultra-high strength steels. ThermoCalc has been used to select
two new alloys (C,3 and Css) based on DMRL steel with higher M, C phase fraction
and lower Cr/Mo ratio. Experimental validation of these two alloys suggests that
Css steel contains significant fraction of undissolved precipitates and more than 50%
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austenite even after 1150 °C austenitizing treatment. Tempering studies on C,; and
C»3 reveal that Cy3 was stronger than C,; by more than 10%. Microstructural studies
tempered samples at optical, SEM and TEM level reveal the presence of typical lath
martensite and fine precipitates in both C;; and C,3 steels. Advanced characterization
using 3DAP suggests that Cy3 contained a significantly higher fraction of clusters
close to M, C stoichiometry, with a lower Cr/Mo ratio than C,;. This is in accordance
to the design objective for this alloy. Therefore, the design objective of increasing
the strength of the existing DMRL SHUHS steel through alloy modifications for
achieving higher M,C fraction was realized successfully. This work has confirmed
that a judicious use of ThermoCalc with an emphasis on qualitative trends can be
used for designing new alloy compositions in this class of SHUHS steels.
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