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ABSTRACT

Microalloyed steels with very small amounts of B and/or Nb are expected to enhance their mechani-
cal properties. In the present work, we have designed and conducted experimental assays for evaluating
the merits of microalloying 18% Ni maraging steels with small amounts of B and Nb. The experiments
included the synthesis of small volumes of material with the desired compositions (labeled base alloy,
alloy I, and alloy II), aging heat treatments, and mechanical property evaluation using a combination
of Vickers hardness, spherical indentation stress-strain protocols, and standardized tensile tests. The mi-
crostructures of the alloys were studied using SEM/EDS, EBSD, and X-ray diffraction (XRD). The results of
this study have demonstrated that the microalloyed steels with B and Nb delayed the coarsening of pre-
cipitates and retained their peak aged strength over longer exposure times in the aging process. Further-
more, comparing the estimates from hardness and the spherical indentation stress-strain protocols with
the standardized tensile tests indicated that the spherical indentation protocols provided highly reliable
estimates of the tensile yield strengths at significantly lower cost and effort. This study has confirmed the
viability of utilizing the spherical indentation stress-strain protocols for the rapid exploration of materials
composition and process spaces.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Maraging steels with an outstanding combination of high
strength and toughness have attracted considerable attention in
aerospace applications. These special class of high-strength steels
have low carbon content (0.03 wt%) and therefore demonstrate
good weldability and formability in as annealed condition and
thermal stability under repeated heating and cooling cycles in ser-
vice [1-4]. Their superior strength, unlike other steels strengthened
by carbide intermetallic, arises from the very fine and uniformly
dispersed Ni-rich precipitates Niz (Ti, Mo) and Fe,Mo or Fe,Ni
(laves phases at the later stage of aging), which form after solution
annealing (austenitization) and subsequent aging treatment (pre-
cipitation hardening) [5-9]. The chemical composition, size, mor-
phology, and volume fraction of precipitates in maraging steels are
highly sensitive to the initial chemical composition of the alloy and

* Corresponding author at: George W. Woodruff School of Mechanical Engineer-
ing. Georgia Institute of Technology, Atlanta GA 30332, USA.
E-mail address: surya.kalidindi@me.gatech.edu (S.R. Kalidindi).

https://doi.org/10.1016/j.actamat.2021.117071

1359-6454/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

the heat treatment processes applied [3,9,10]. Often, a rigorous in-
vestigation of the chemical composition of the nanoscale precip-
itates requires the use of a combination of advanced characteri-
zation techniques such as transmission electron microscopy (TEM)
and atomic probe tomography (APT) [1,7-9].

Several strategies have been explored in literature [11-16] to
improve the properties and performance characteristics of marag-
ing steels at room and elevated temperatures, while maintain-
ing low production costs, especially for applications where a high
strength to weight ratio is essential. A promising strategy involves
microalloying with elements such as Ti, V, B, and Nb to achieve
improved properties (e.g., strength, toughness, fatigue life) through
grain refinement, transformation control, and precipitation harden-
ing. In the present work, we will specifically explore the potential
of improving the properties of 18% Ni maraging steels (C350) by
microalloying with both B and Nb. In prior work, the microalloy-
ing effects of B and/or Nb have been studied in a variety of high-
carbon steels [17,18], mild steels [14,15,18,19], and high-strength
low-alloy steels (HSLA) [18,20,21]. Nb has been reported to play
a critical role in strengthening via solid solution strengthening,
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grain refinement, and/or carbide precipitation in steel alloys [17-
20,22]. The addition of B, on the other hand, is found to signifi-
cantly improve the hardenability of low-carbon steel alloys without
causing degradation in ductility [23-25]. It is also reported that B
combined with Nb can retard recrystallization of austenite by in-
creasing the recrystallization temperature in low-carbon steels and
enhance the mechanical properties [19]. The microalloying effects
of combined Nb and B on the mechanical properties of maraging
steels are, however, not yet well understood.

Evaluation of the effects of chemistry and process history on
the effective properties of metallic alloys demands considerable ex-
perimental effort. High-throughput assays represent an important
toolset for this task, and have been the focus of several recent re-
ports in literature [26-31]. As a prime example, Rapid Alloy Proto-
typing (RAP) [32] comprising sequential steps of semi-continuous
casting with varying compositions, forming, heat treatment, and
tensile testing was shown to be more cost-effective compared to
conventional alloy design practices. One of the main bottlenecks in
these efforts comes from the need to perform standardized tests
(e.g., tension tests) to evaluate the mechanical properties of candi-
date alloy samples produced with intentional variations in chem-
ical compositions and process histories. The standard tests incur
significant costs in sample preparation and require a substantial
amount of material in each chemical composition and process his-
tory being evaluated. Clearly, there is a need to develop and utilize
high throughput and reliable protocols for rapid evaluation of the
mechanical response of small volume samples produced in various
materials development efforts.

Indentation has been commonly used in prior literature [33-
36] for estimating the mechanical response of materials in small
sample volumes. These methods focus mainly on the values of
hardness evaluated using a sharp indenter (Vickers or Berkovich)
[37-41]. The hardness values measured by a sharp indenter ex-
hibit high sensitivity to the applied load/displacement (referred to
as the indentation size effect) [42-46]. This makes it difficult to
transform the hardness values reliably into estimates of proper-
ties obtained in the standardized tension tests. As a result, there is
considerable uncertainty when one uses hardness values to guide
the materials development efforts, which are typically aimed at
achieving a certain combination of properties measured in stan-
dardized tests. Recent advances in the spherical indentation stress-
strain protocols (ISS) [47,48] have now made it possible to reliably
transform the load-displacement measurements in indentation on
metal alloy samples to the more familiar stress-strain responses
measured in tension tests. The ISS protocols can be performed at
different length scales using different spherical indenter tip sizes
[49]. When performed at length scales where the indentation zone
involves multiple grains, these are referred to as spherical microin-
dentation stress-strain protocols (MSS). These protocols provide re-
liable estimates of Young’s modulus and yield strength of the sam-
ple using suitable scaling factors [50,51] that account for many of
the main differences in the stress and strain states in the indenta-
tion tests compared to the tension tests.

The objective of the present work is to demonstrate the via-
bility and the validity of spherical microindentation stress-strain
(MSS) protocols for rapid evaluation of the mechanical proper-
ties of 18% Ni maraging steels (C350) microalloyed with B and Nb
while using only small specimen volumes. Specifically, the effects
of B and Nb microalloying on the peak aging strength of marag-
ing steels were studied using the MSS protocols. The estimates of
tensile yield strengths from MSS protocols are critically validated
with direct measurements using tension tests for selected sam-
ple conditions. It is demonstrated that the MSS protocols provide
higher fidelity estimates of the tensile yield strength compared to
the estimates from the traditional hardness tests and produce sig-
nificant savings in time and cost compared to the standardized
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Fig. 1. Schematic of the thermal history for the maraging steel samples produced
for this study. The samples after quenching in as-annealed condition acquire a fully
martensitic structure («). Alloys were age hardened at six different aging time in-
tervals and air cooled.

tension tests. Wherever relevant, microscopy (SEM/EBSD) and X-
ray diffraction techniques were used to study the evolution of mi-
crostructures of the different samples tested in the study.

2. Experimental procedures
2.1. Materials and sample prototyping

18% Ni maraging steels (C350) without the addition of B and
Nb (henceforth referred to as the base alloy) and with varying
contents of B and Nb (henceforth referred to as alloy I and al-
loy 1) were produced through Vacuum Induction Melting (VIM)
by Carpenter Technology, Philadelphia, PA. The chemical composi-
tions of these alloys were measured using LECO spectrometer and
X-ray methods and are listed in Table 1. The as-cast ingots (160
X 90 X 90 mm) were homogenized and compressed in a forg-
ing press at a temperature of 1000 °C in multiple passes to a fi-
nal cross-sectional area of about 25x25 mm?. Samples of dimen-
sions 15 x 15 x 6 mm were electrical discharge machined (EDM)
from the forged material along the central plane perpendicular to
the forging axis. The cut samples were then solution annealed at
austenitization temperature of 850 °C for 90 min in the furnace
and air cooled. At this solution annealing temperature, maximum
homogenization rate (diffusion-controlled) could be achieved with-
out degradation in the mechanical properties of the forged alloys
[52,53]. The annealed samples acquired a fully martensitic struc-
ture (o) upon cooling to room temperature. In order to study the
influence of alloying elements on aging kinetics and the peak-aged
strength of maraging steels, precipitation hardening was carried
out at a selected temperature of 500 °C. This particular aging tem-
perature was selected based on prior studies on the commercial
18% Ni maraging steels (350) [54]. The specimens of each alloy
were aged to six different time periods of 3, 5, 10, 72, 96 and
120 h as depicted in Fig. 1 to cover the different regimes of under-
aging, peak-aging, and over-aging. This resulted in a total of 21
small volumes of sample conditions with varying processing and
chemistry. The specimens were prepared for both indentation and
microstructure characterization using standard metallography pro-
tocols that included grinding with silicon carbide paper down to
grade 2400 and polishing successively with diamond suspensions
of 3 and 1 pm. Samples were further polished with 0.04-micron
colloidal silica slurry for 20 min. The as-annelaed samples were
etched with an acidic ferric chloride solution for 5 s to reveal the
microstructures.
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Table 1

Measured chemical composition of hot-forged 18% Ni-350-grade maraging steels used in this study.
Elements (Wt%) C Mn Al Co Fe Mo Ni B P S Si Ti Nb Cr
Base 0.03 0.1 0.1 12 63 48 185 0 001 O 0.1 14 0 0.01
Alloy 1 0.03 0.1 0.1 12 63 48 185 0004 0.01 O 0.1 14 015 0.01
Alloy 1I 003 0.1 0.1 12 63 48 182 0013 0.01 0.01 0.1 14 03 0.02

2.2. Microstructure characterization

Microstructure characterization was carried out using a TES-
CAN MIRA3 scanning electron microscope with a field emission
gun. Backscattered-Electron (BSE)/SEM micrographs and EDS (en-
ergy dispersive spectroscopy) maps were collected at an operating
voltage of 20 kV and 15 kV, respectively. EBSD (electron backscat-
ter diffraction) maps with dimensions of 75x75 um? were col-
lected at an operating voltage of 20 kV with a step size of 2 nm.
Phase analysis was performed by XRD technique in a PANalyti-
cal Empyrean diffractometer with Cu Ko radiation and a diffracted
beam monochromator powered at 45 kV and 40 mA for scan an-
gles (260) between 40° to 100°. The scanning step size and the ac-
quisition rate were set at 0.01° and 0.0025°/s, respectively. After re-
moving the background and normalizing the intensity, the volume
fraction of austenite was determined in all samples by the widely
used direct comparison method of martensite and austenite inte-
grated intensities according to ASTM E975 [55]. This method pro-
vided reliable results under the assumption that the volume frac-
tion of precipitates is negligible. All austenite and martensite peaks
were considered in the volume fraction calculations to reduce bias
errors produced by the presence of crystallographic texture.

2.3. Methods for characterization of mechanical properties

2.3.1. Tensile test and hardness test

Standard tensile specimens were prepared from selected aged
steel bars in a direction parallel to the initial forging direction (FD)
with a gauge diameter and gauge length of 9.7 mm and 31 mm,
respectively. All tensile bars were solution annealed at 850°C for
60 min in the furnace followed by air cooling, and then aged at
500°C for 3 and 10 h followed by air cooling. Tensile tests were
performed according to ASTM E8. All tests were run at room tem-
perature maintaining the desired strain rate of 10~4 s~ to failure.
Four tensile tests were conducted and averaged for the as-annealed
and aged (500 °C-3 h, air-cooled and 500 °C-10 h, air-cooled) con-
ditions for each alloy to establish statistical relevance while main-
taining lower sample preparation cost. The hardness of each spec-
imen was assessed using a Leco Hardness Tester with a load of
1 kgf and a dwell time of 20 s. A total of 10 hardness measure-
ments were collected for each sample condition.

2.3.2. Spherical microindentation stress-strain protocols

Spherical microindentation protocols capable of extracting the
material’s bulk mechanical response, where the indentation zone
size can encompass several grains (about 40-100 blocks of marten-
site in this work) has been recently demonstrated [26,51,56]. The
microindentation tests in this study were performed on a cus-
tomized Zwick-Roell Z2.5 hardness tester with the indentation axis
parallel to the forging direction (FD). The top and back surfaces of
the samples were polished parallel to each other and fixed on a
rigid surface under indenter to avoid any misalignment or sample
slip. All indentation tests were run at a constant crosshead speed
of 0.1 mm/min with intermittent unloading (50-30% of the peak
load) and reloading cycles. Each unloading permits an estimation
of a data point on the indentation stress-strain response of the ma-
terial (discussed in detail later). A minimum of 7 unloading cycles
was introduced in each test with load increments of 10 N between

the different unloading cycles. A total of six indentation tests were
carried out at randomly selected locations on each sample, while
maintaining a 2 mm distance from the edge of the sample. The in-
dentations were carried out using a spherical tungsten-carbide tip
with a 500 pm radius. The collected load-displacement data was
converted to indentation stress-strain responses using the proto-
cols described next.

The indentation data analysis protocols are largely based on
Hertz’s theory [57], which analyzes the elastic contact between
two isotropic and homogeneous bodies. This theory correlates the
indentation load, P, and the elastic indentation depth, he, through
the effective isotropic modulus, E.¢, and the effective radius, Ry,
of the combined indenter-sample system as

4 1/24,3/2
P=3 EersRofrhe! (1)
_p2  1-1?
1 _ 1—v; ; 2)
Eess Es E;
1 1 1
- - 3
Reff R; Rs ( )

a= R e @

where (Es, vs, Rs) and (Ei, v; R;) refer to Young’'s modulus, Pois-
son ratio and radius of the sample and the indenter, respectively,
and a denotes the contact radius.

In our earlier work [48,51], the importance of the “zero-point”
corrections identifying the effective initial contact between the in-
denter and the sample have been emphasized. The zero-point cor-
rections also account for any artifacts created at the initial con-
tact (e.g., surface roughness and oxide layer). An example of one
single microindentation measurement performed in this study is
summarized in Fig. 2. The main correction required in microin-
dentation measurements is the zero-point displacement correction
(h*) and often there is no need to correct for the load. This is be-
cause when using larger indentation tip sizes of 500 pm, the mi-
croindentation measurements become less sensitive to the effects
of surface roughness, oxide layers, and disparities in tip geometry.
The value of this correction is identified by fitting the raw mea-
sured displacement, fi,, in the initial elastic loading regime (see the
magenta segments in Fig. 2(a) and (b)) to Eq. (1), recast as

2/3

31 1 P

4Eesr  [Ress

(he — h*) = k(P)* = (5)

where the values of k and h* are estimated using standard linear
regression analyses. Note that the load and unload segments for
this first fully elastic cycle (the magenta segment in Fig. 2(a) and
(b)) lie right on top of each other, confirming that this is indeed an
elastic load-unload segment. In this initial elastic cycle, the effec-
tive radius R,y (see Eq. (3)) is the same as the indenter radius R;,
ie, Resr = R;. Therefore, one can estimate a value of E;; from the
value of k obtained from using Eq. (5). The sample elastic modu-
lus, Es, can then be estimated from Eq. (2) using Poisson ratios of
0.3 and 0.21 for the specimen and the indenter, respectively. The
tungsten carbide indenter had a Young’s modulus of 640 GPa in
our experimental set-up.
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Fig. 2. (a) An example of microindentation load-displacement curve showing multitudes of load-unload cycles. The inset shows an initial elastic segment highlighted in
magenta. (b) Example of linear regression analysis on the elastic unloading segments of P2/3) vs. (h) to identify effective point of contact, h* (zero-point displacement

correction) and the evolving Reg. (¢) Indentation stress-strain (ISS) curve extracted

from load-displacement data after zero-point displacement correction is applied. Each

post-elastic point on the ISS curve corresponds to an individual unload cycle in the load displacement measurement. (d) An optical micrograph of the specimen after
unloading showing the indentation imprint, and the estimated size of the contact area at yield (dashed-line circle, 2a=66pm) equivalent to the size of EBSD image.

As the material undergoes plastic deformation, R, is no longer
the same as R; and the total displacement into the surface, h,
would be the sum of the elastic displacement, he, and the perma-
nent (residual) displacement, h;. It should be noted that while R, ;¢
evolves during deformation, E.s; is assumed to remain constant
even after plasticity initiates. Since each unloading segment in
Fig. 2(a) is primarily elastic, it can be analyzed using Hertz theory
to estimate the values of R.s; and h; corresponding to the point
on the loading segment where the unloading segment was intro-
duced. This is important because knowledge of R.f; and h; allows
us to estimate the contact radius at that point on the loading seg-
ment, which in turn allows estimation of the indentation stress
and strain values. This set of estimations are performed by first fit-
ting a portion of the unloading segment (selected between 85 and
50% of the peak load; see blue unloading segments in Fig. 2(b)) to
the following expression using standard linear regression methods:

2/3

h— b=k = (2 L1 ) s (6)
4 Eefs  /Ress

The above analyses produce estimates of R,y and hy (E.ry was
already estimated from the initial elastic segment). The contact ra-
dius at any point on the unloading segment can then be estimated
using Eq. (4) as

a=./Reff(h —hr) (7)

Specifically, our interest here is in estimating the contact radius
at the point on the loading segment where the unloading was ini-
tiated. Once the contact radius for this point is estimated, the cor-
responding indentation stress (o;,4) and indentation strain (g&;,4)
are estimated as

Oind = %ﬁmd = % g (8)
where Ppqx is the value of the load where the unloading segment
was introduced. The rationale for the definitions of the indenta-
tion stress and the indentation strain presented in Eq. (8) has been
discussed extensively in prior work. They can be interpreted as av-
eraged values of the stress and strain under the indenter, and have
been validated extensively [50,51,58,59]. Fig. 2(c) presents the set
of indentation stress and indentation strain values extracted from
the load-displacement data shown in Fig. 2(a). Note that each un-
loading segment leads to only one data point on the microinden-
tation stress-strain (MSS) response. From this MSS curve, the in-
dentation modulus is estimated as the slope of the elastic portion,
and the indentation yield strength is estimated using a 0.2% offset
indentation strain definition, as shown in Fig. 2(c).

The estimated sizes of the indentation zones both at yield
(dashed-line circle) and at the end of the indentation test (solid
circle) are illustrated in Fig. 2(d). The EBSD images shown in
Fig. 2(d) roughly correspond to the indentation zone size at inden-
tation yield. It is clear that this indentation zone includes several
pre-austenite grains and martensite packets and blocks, suggesting
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Fig. 3. Schematic of formation and evolution of martensite microstructure in one prior austenite grain after quenching and subsequent aging. The microstructure consists of
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preferentially on dislocations and within the lath martensite to produce a fine uniform distribution of coherent particles (hardening stage). The inset shows the formation of
reverted austenite and coarsening of precipitates occur simultaneously at prolog aging time, t, (softening stage).

that the estimated value of the indentation yield can be assumed
to reflect the bulk (effective) mechanical response of the sample.

3. Results and discussion
3.1. Microstructure characterization and quantification

A schematic of martensitic transformation and the evolution
of the microstructure in maraging steels after cooling from the
austenite phase and during subsequent aging is presented in Fig. 3.
The microstructure of martensite can exhibit a five-level hierar-
chy in its morphology which includes prior austenite grains, pack-
ets within pre-austenite grains, blocks within packets, sub-blocks
within blocks, and fine laths within blocks [60]. The large num-
ber of interfaces and the high dislocation density (about 10°m~2)
present in these structures provide the necessary nucleation sites
for both precipitation of intermetallic particles during the ag-
ing process (temperature range between 400-550 °C) [1,8,10] and
the reversion of metastable martensite to the austenite phase af-
ter prolonged aging [1,8,61-64]. The precipitation reactions occur
much more rapidly than the reversion transformation producing
austenite. Thus, substantial hardening can be produced before re-
version occurs. The strength of maraging steels, therefore, is con-
trolled by the many aspects of microstructure evolution during ag-
ing, which includes precipitation, coarsening of microstructure as
well as precipitates, and formation of ductile reverted austenite.

Two main microstructure features are studied in the present
work: (i) packet/block size of low-carbon martensite [65,66] char-
acterized by high angle grain boundaries (HAGBs), and (ii) austen-
ite phase fraction. These studies were performed using BSE-SEM,
EBSD imaging protocols and XRD. The morphology of martensite
packets and blocks can be seen in the BSE-SEM micrographs of the
base alloy, Alloy I, and Alloy II samples in the as-annealed condi-
tions, as shown in Fig. 4(a-c). As one can see, the blocks have been
transformed from an equiaxed morphology to more of a needle
shape with the addition of Nb and B structure. This change can be
accompanied by a change in the austenite to martensite transfor-

mation temperature (M) [67,68]. Fig. 4(d-f) show the EBSD pro-
duced IPF (inverse pole figure) maps showing packets and blocks
(effective grain size in low carbon martensite) in the 3 differ-
ent alloys exhibiting high-angle grain boundaries (with misorienta-
tions higher than 15° [69]). The packet and block size distributions
shown in Fig. 4(g-i) were computed from the EBSD maps using the
chord length distribution (CLD) protocols developed in prior work
[70]. A large sample of chords (~ 108) were obtained covering di-
rections in the range 0° < 6 <180° with 3° intervals, and the mean
intercept length was calculated.

The influence of Nb and B microalloying elements on the mi-
crostructure of hot forged and as-annealed maraging steels can be
seen by comparing the alloy I and the base alloy microstructures.
It is seen that the average size has reduced from 3.4 pm in the
base alloy to 2.4 ym in alloy I (see Fig. 4g and h), which can be
attributed to the grain boundary pinning by Nb precipitates and/or
carbides (e.g., Zener drag and/or solute drag by dissolved Nb) [18].
A similar effect has been observed in microalloyed bainitic steels
[71]. The effective grain size further decreased slightly from 2.4 pm
in alloy I to 2.1 pm in alloy II, with increased content of B and Nb
(0.013%B and 0.3% Nb).

It is well established that the addition of Nb or B can retard the
static and dynamic recrystallization of austenite in bainitic steels
[72-74]. The synergic effect from the presence of both B and Nb
however is expected to be larger than the sum of the separate ef-
fects due to Nb+B solute drag [72,74]. Wang et al. [75] attributed
this synergistic effect to the formation of Nb-B complexes exerting
force on austenite grain boundaries.

Fig. 5(a) presents a BSE-SEM micrograph of the coarsened grain
boundary precipitates in alloy II aged at 500 °C for 120 h. Quanti-
tative EDS analysis was carried out to study the relative chemical
compositions of the precipitate. Comparing the EDS pattern from
spot 3 (precipitate) with EDS pattern from spot 4 (matrix) con-
firms prominent peaks of Nb, Ti, and Mo in the coarsened pre-
cipitate (Fig. 5(b)). The existence of orthorhombic NizNb precip-
itates was reported in a previous study on Nb microalloyed 20%
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Ni maraging steels [15]. It was also reported that the reaction of
B with the alloying elements in 18% Ni (C350) maraging steels
resulted in the formation of Mo- and Ti-rich borides [76]. How-
ever, the quantification of the light B element by EDS could be
affected by the absorption of boron X-rays by the heavier ele-
ments in the martensitic matrix. Therefore, secondary ion mass
spectroscopy (SIMS) alpha-ray track etching method (ATE) is nec-
essary for detection and quantification of B at austenite-martensite
packet/block boundaries [19,77,78].

Another transformation that can occur simultaneously with dis-
solution and coarsening of precipitation is the reversion of marten-
site to austenite [79]. The precipitation reactions occur much more
rapidly than the austenite reversion. Thus, substantial hardening
can be produced before reversion occurs, where the metastable
martensite transforms back to austenite during the later stage of
aging (see Fig. 3). This reversion is possible because the diffu-
sion rate of nickel is high enough to permit the system to move
towards equilibrium. Equilibrium austenite contributes to the ob-
served overaging and softening in maraging steels. Austenite rever-
sion usually occurs between martensite laths (inter-lath reverted
austenite) or at the packets and prior austenite grain boundaries
[61,79]; the former was reported to improve the ductility in steels
by either blunting the microcracks in the matrix or transforma-
tion induced plasticity mechanism (TRIP) [62,80] and the latter
was found to cause embrittlement in a 350-grade maraging steel
during averaging [61]. Fig. 5c shows XRD patterns of ten selected
specimens in the annealed and aged conditions. The spectra mainly
consist of peaks of « martensite and/or peaks of y austenite. Nev-
ertheless, in some conditions (e.g., Aged-500 °C-96 h (Alloy I),

Aged-500 °C-120 h (Alloy 1)), very small peaks of precipitates are
seen and have been marked by black arrows in Fig. 5c. Since the
as-annealed samples of the 3 different alloys did not show any
austenite peaks, it can be inferred that the austenite present in
the aged conditions is most likely reverted austenite, not retained
austenite.

The formation of thin areas of lath-like reverted austenite at
martensite lath boundaries and pre-austenite grain boundaries in
18% Ni maraging steels after prolonged aging at 500 °C has been
reported in prior TEM studies [81]. The austenite content of the
samples was estimated as described in Section 2.2, and the results
are summarized in Fig. 5d. Comparing the reverted austenite con-
tents in the base alloy, alloy I, and alloy I, it can be seen that the
base alloy has a higher amount of reverted austenite compared
to the microalloyed alloys for the same aging condition. The vol-
ume fraction of austenite in the base alloy increased with aging
time until it reached about 19% and remained approximately con-
stant with further aging. The amount of reverted austenite formed
in alloy I was found to increase up to about 8.6% after aging for
about 72 h, and then decreased to 3% after aging for 120 h (see
Table 2). The reduction in the volume fraction of austenite at long
aging times can be attributed to the transformation of a small por-
tion of metastable reverted austenite to martensite [82]. This is
because the thermal and mechanical stability of reverted austen-
ite is largely governed by its size, chemical compositions (e.g., Ni
content), and where it is formed. Alloy II with a higher amount
of microalloying elements did not appear to produce any reverted
austenite until after 96 h of aging, which then rose to 7% after
120 h aging at 500 °C. These results suggest that B and Nb im-
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Fig. 5. (a) BSE-SEM micrograph of alloy I aged at 500 °C for 120 h showing grain boundary precipitates. The insets are SE-SEM micrographs where EDS measurements were
obtained. (b) EDS spectra of the precipitates (spot 3) and the matrix (spot 4). (c) XRD patterns of 10 selected specimens in as-annealed and aged conditions (Al and All
denote alloy I and alloy II respectively). (d) Evolution of volume fractions (vol%) of reverted austenite as a function of aging time at aging temperature of 500 °C.

pede the formation of reverted austenite at the aging tempera-
ture of 500 °C. One possible explanation for this effect is that the
nucleation and growth of austenite during aging is governed by
the degree of the depletion of Ni from martensite, and coarsen-
ing and dissolution of Ni-containing intermetallic precipitates such
as NizNb and Ni3Ti. Indeed, EDS and TEM analysis have supported
the formation of intra lath reverted austenite by the dissolution
of NisTi and NizMo precipitates in base 18% Ni maraging steels
[79,81,83].

3.2. Comparisons between mechanical testing protocols

Since 3 different testing protocols (i.e., conventional hardness,
MSS, and tension tests) were conducted on some of the samples,
this study provides an opportunity to critically evaluate the relative
merits of the different indentation protocols (the tension test re-
sults are treated as ground truth in these comparisons). Prior work
[50,51,56] has established the following relation between the MSS
measured indentation yield strength, o;,4, and the tensile yield
strength, oy, of polycrystalline metal samples exhibiting close to
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Table 2
Mechanical properties of 18% Ni maraging steels studied in this work.
Young's
Aging Modulus  Indentation Yield Indentaion Uniaxial Tensile Yield
Time Hardness  (Ejjoy), Strength (Ying), Contact Radius at  Strength (Ys), 0.2%
(min) (HVy) GPa 0.2% offset, MPa Yield, (a) (um) MPa UTS, MPa  Uniaxial Elongation %
Total Uniform RA %
0 (As- 320+14 170+ 9 1700 + 80 18+ 1.8 827+ 76 1137+ 18+15 25+01 7022
annealed) 37
180 685+12 197 +7 4620 + 110 32 + 21 2358 + 40 2392+ 5+12 19+01 2445
45
Base Alloy 300 710 £ 10 200 + 10 4692 + 160 3239 - - - -
600 690 + 12 200 +4 4430 + 158 31 + 32 - - - -
4320 665+ 15 2008 3996 + 110 27 £1.3 - - - -
5760 635+ 13 185+ 10 3780 + 100 26 £ 2.9
7200 620 £ 11 185+ 15 3622 + 72 26 + 2.1
0 (As- 345+ 11 175+ 6 1800 + 190 20£19 889 + 117 1158+ 17+09 26+0.1 7506
annealed) 31
180 715+£13 200+5 4790 + 198 32+11 2385 + 72 2454+ 5+09 21z 22 +1.2
60 0.07
300 718 +8 198 +4 4800 + 128 32+29 - - - -
Alloy I 600 720 + 10 208 + 12 4912 + 86 33+ 0.9 2454 £ 9 2511+7 6+22 2+01 3116
4320 705 +15 200 + 10 4824 + 186 32+ 0.8 - - - -
5760 704 £ 12 187 +£20 4800 + 178 32 +23 - - - -
7200 680 +9 189 + 10 4676 + 148 32+ 0.7 - - - -
0 (As- 340 £18 170+7 1680 + 150 18 £ 2.2 847 + 40 1172+ 15+07 26+01 6605
annealed) 13
180 710 £8 2005 4718 + 156 32+ 0.8 2364 + 80 2401+ 5+15 2+01 29+78
49
300 718 £10 192+ 8 4816 + 160 32+15 - - - -
Alloy Il 600 730 11 195+9 4972 + 176 33+ 21 2493 + 20 2536+ 4+02 18+ 18 £ 5.7
20 0.03
4320 726 £+ 10 202+ 8 4908 + 182 32+23 - - - -
5760 720+ 6 187 +5 4890 + 194 32 + 08 - - - -
7200 700 £ 8 185 + 16 4860 + 100 32+ 1.7 - - -
isotropic plastic response: @ Prediction (Ind) (Q Prediction (H,) () Prediction (H.)
Oy X Oing/2 (9) Oy = Oina/2 o, = (HV x9.8)/3 0, =—90.7+2.876 X HV
Tensile yield strengths can also be estimated from the conven- 3000
tional Vickers hardness measurements. This is accomplished in this =
study using two different empirical relationships used extensively & 2500 -
in current literature. The first relationship was proposed by Tabor E
[84] based on slip-line field analysis, and is expressed as -En 5600 -
oy~ (HV x 9.8)/3 (10) §
where HV is the Vickers hardness in units of kg/mm?. The sec- @ 1500 -
ond relationship explored in this study was proposed by Pavlina -
and Tyne [85] based on data gathered on a wide range of non- -g 1000 -
austenitic steels, and is expressed as -}
0
Uy ~ —90.7 + 2.876 x HV (11) :g 500 -
It should be noted that Tabor’s relation in Eq. (10) was de- 4
rived for materials exhibiting perfectly plastic response. Since the R~ (O T T
aged maraging steels studied here show very little hardening, it by 1000 2000 3000

should be anticipated that Eq. (10) will produce good estimates.
On the other hand, Eq. (11) was established for steel alloys with
hardness values lower than 632 HV [85]. Therefore, it is also ex-
pected to provide good estimates for the maraging steel samples
in their as-annealed conditions. It is anticipated that the estimates
from Eq. (11) might exhibit higher errors for the much harder aged
maraging steel samples.

The accuracies of the estimated values of yield strengths from
the 3 different indentation analyses protocols Eqgs. (9)-((11)) are vi-
sualized in the parity plot shown in Fig. 6. The parity plot reveals a
very good agreement between the yield strength values estimated
by the MSS protocols with a root mean square error (RMSE) of
2.3%. It is further observed that the MSS estimations outperform
the estimations from the Tabor’s relation (Eq. (10)), which exhib-
ited an RMSE of 8.5%, and from the Pavlina’s relation, which ex-
hibited an RMSE of 24.4%. This is largely because the conventional

Uniaxial Tensile Yield strength (MPa)

RMSE% (Ind)
2.3

RMSE% (Hz1)
8.5

RMSE% (H2)
24.4

Fig. 6. Parity plot showing the accuracy of the estimated yield strengths of marag-
ing steel alloys studied in this work based on hardness and spherical indentation
measurements. H; and H, denote two different empirical relationships between
Vickers hardness and yield strength proposed by Tabor [84] and Pavlina [85], re-
spectively.

approaches measure hardness as the ratio of applied load to the
(projected) area of the residual impression left by the indenter af-
ter a significant amount of plastic strain has already been applied.
As such, hardness measurements do not correspond to the mate-
rial’s tensile yield strength defined close to the initiation of plas-
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Fig. 7. (a) Young's modulus as a function of aging time for base and microalloyed maraging steels. (b) Estimated tensile yield strength from indentation yield strengths as a
function of aging time for base and microalloyed maraging steels. Data was collected using MSS protocols. For comparison, tensile Young’s moduli and tensile yield strengths
for alloy I in as-annealed and aged conditions (3 and 10h) are marked here by red cross points.

tic deformation in the material. In other words, the conventional
hardness measurements correspond to flow stress in the mate-
rial after a certain (non-standard) amount of plastic deformation
has been applied. In contrast, the MSS protocols correlate the ten-
sile yield strength to the indentation yield strength measured very
close to the initiation of plastic deformation in the indented sam-
ple. The results presented in Fig. 6 indicate that the MSS protocols
provide good estimates in both the as-annealed and aged condi-
tions. Furthermore, it should be noted that the MSS protocols re-
quire much smaller sample volumes compared to the standardized
tension tests.

3.3. Mechanical Behavior of 18% Ni maraging steels

Table 2 summarizes the statistics (means and standard devi-
ations) of the measured mechanical properties of the different
maraging steel samples studied in this work. This summary in-
cludes the results obtained from ten Vickers hardness tests, six
spherical microindentation measurements, and four uniaxial ten-
sile tests (conducted only on selected material conditions) for each
sample. The microindentation properties measured in this study
included Young's modulus (E,jey), indentation yield strength, and
the contact radius at the indentation yield point. The contact ra-
dius can be used to estimate the volume of the primary deforma-
tion zone under the indenter, approximated as a cylinder of ra-
dius a and height 2.4a [47,48]. This estimate of the primary in-
dentation zone volume can provide valuable insight into whether
the measurement reflects a bulk response. Using this estimated
volume, one could estimate the number of grains present in the
primary indentation zone volume. For the samples tested in this
work, the primary indentation zone volume was found to con-
tain roughly 40-100 martensite blocks. It was observed that the
microindentation tests on the as-annealed samples exhibited sig-
nificantly smaller contact radii at indentation yield (i.e., they en-
gaged a fewer number of martensite packets/blocks in each mea-
surement). This can explain the higher variance in the indenta-
tion yield strengths measured in these samples when compared to
those measured on the aged samples.

The values of Young’s modulus and the estimated yield
strengths from the MSS protocols (summarized in Table 2) are
compared with each other in Fig. 7. The yield strengths presented
in this figure have been estimated using Eq. (9). This figure also

provides a visual illustration of the variation of the mechanical
properties in both the base and the microalloyed maraging steels
as a function of the aging treatments. Note that only a limited
number of samples were evaluated in tensile tests (mainly to val-
idate the estimates from the MSS protocols), but the MSS proto-
cols were conducted on many more samples attesting to the high-
throughput nature of these protocols. It is seen that the Young’s
modulus and yield strengths estimated by MSS protocols are in
very good agreement with the direct measurements from the stan-
dardized tension tests.

It was noted from Fig. 7(a) that the values of Young’s modu-
lus increased approximately between 15% and 18% from the as-
annealed condition to the aged conditions, with very little varia-
tion among the differently aged samples. This is possibly a con-
sequence of the phase transformations occurring in the sam-
ple during the aging process, mainly the formation of the inter-
metallic precipitates. Similar results have been reported in other
precipitation-hardened alloys by performing tension and vibration
tests [86-88]. The measurements in Fig. 7(a) also suggest a small
drop in the values of Young’s modulus at longer aging times, al-
though this decrease stays within the standard deviation of the
measurements. Also, as expected, the Young’s moduli of the alloys
are not sensitive to small microalloying additions of B and Nb.

Table 2 and Fig. 7 (b) clearly indicate a dramatic increase in the
yield strength of the aged samples compared to the as-annealed
samples. Furthermore, they exhibit the characteristic peak-aging
response, where the strengthening is optimized for a specific com-
bination of aging temperature and aging time. For the 18% Ni
maraging steel (C350), peak-aging is known to occur at around
(480-510 °C) [10] when their yield strengths improve to about
2400 MPa (equivalent to 350 Ksi); this strengthening is attributed
to the formation of homogeneously dispersed intermetallic pre-
cipitates. The indentation measurements reported in Fig. 7(b) are
highly consistent with the previous results reported in literature
based on standard tension tests.

The effects of microalloying are also clearly seen in the mea-
surements reported in Fig. 7(b). While the peak yield strength
(2346 + 80 MPa) in the base alloy is obtained after 5 h at 500 °C,
the peak yield strengths in alloy I and alloy II are attained after 10
h at the same temperature. Moreover, the peak yield strengths of
the micro-alloyed samples are slightly higher (2456 + 43 MPa and
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2486 + 88 MPa, respectively) compared to those obtained in the
base alloy. More importantly, the micro-alloyed samples are able to
retain their high yield strengths to longer aging times without ex-
periencing over-aging. A very small increase in the yield strength is
observed in alloy Il compared to alloy I. These observations suggest
that B and Nb in the microalloyed steels have enhanced the stabil-
ity of the intermetallic precipitates, making them difficult to dis-
solve or coarsen at longer aging time. Therefore, it also seems rea-
sonable that the restriction of the diffusional growth of austenite
at lath boundaries in the microalloyed steels is largely influenced
by the coarsening kinetics of the precipitates formed. It should be
made clear that the individual role of B and Nb could not be de-
termined without further investigation of their various chemistries
as the difference in the measured yield strength between the two
microalloyed steels is rather small.

As evident from Fig. 7(b), the yield strength values estimated
by the MSS protocols are in excellent agreement with the values
measured directly in the standard tension tests. The measurements
summarized in Table 2 and Fig. 7 indicate that the microalloying
additions have enhanced the strength of the maraging steels in
both as-annealed and aged conditions with a minor decrease in
their ductility. It is however expected that toughness can be de-
graded by thermal embrittlement during solution annealing in B
and Nb microalloyed maraging steels where significant amounts of
B and Nb have been added [89]. This effect was originally ascribed
to segregation and coarsening of NbB, at preaustenite grain bound-
aries in 18% Ni maraging steels (C350). The highest yield strength
and UTS in the present work are attained in alloy II after aging for
10 h.

It is well understood in current literature [7,90-92] that the im-
provement in the yield strengths from as-annealed conditions to
aged conditions seen in precipitation-hardened alloys are a conse-
quence of the formation of nanoscale precipitates and their pin-
ning effect on dislocations. In the microalloyed steels the strength
is also predominantly influenced by the contribution from the
newly formed precipitates (e.g., Ni3Nb, NbB, NbTi, NbC Nb, or B
containing clusters) in addition to the previously existing ones
[7,8,92]. This is largely controlled by the amount of B and/or Nb
dissolved in austenite, the tendency of B and Nb to interact with
other alloying elements to form borides or other intermetallics,
and the segregation of B and/or Nb to austenite grain boundaries
either as solutes or in the form of compounds. Yet, precipitation
hardening could not be the only contributor to the strength of
maraging steels due to the complexity of their microstructures and
the high tendency for revision of martensite to austenite during ag-
ing. In other words, several additional key factors such as, austenite
volume fractions, effective grain size and dislocation density need
to be considered in the analysis of the observed changes in the
strength of these alloys. More in-depth analysis should be carried
out through a combination of TEM, XRD, small-angle neutron scat-
tering (SAX), and APT techniques to understand the effects of dislo-
cation density, chemical composition, size, distribution of precipi-
tate clusters, and the reverted austenite formed in the microalloyed
samples. These are out of the scope of the present work.

4. Cost analysis

In our prior work [51], we demonstrated that one key advan-
tage of high throughput spherical microindentation protocols lies
in the efficient and cost-effective exploration of the process space.
Indeed, the term “high throughput” is being used here to imply ac-
celeration in the process of extracting mechanical properties (e.g.,
Young’s modulus and yield strength) when compared to conven-
tional approaches. A comparison of cost per sample condition for
the MSS protocols, hardness and conventional tensile tests is pro-
vided in Fig. 8. For this cost analysis, first, the costs of raw ma-
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Fig. 8. A comparison of the cost per sample for the hardness test and spherical
microindentation protocols (MSS) with the conventional tension tests.

terials purchased, as well as machining and metallography were
recorded. Second, the time spent in all the steps involved in these
protocols (data collection and data analysis) was recorded and the
corresponding costs incurred for the study were estimated. It is
clear that the cost of raw materials for both hardness and spheri-
cal microindentation tests is identical and the highest raw material
cost is associated with the tensile test samples considering that at
least 4 tensile samples should be tested for each sample process
condition to gather statistically meaningful data. While the cost of
machining and polishing 4 round cross-section type tensile sam-
ples is approximately $700, the cost of sample preparation for the
hardness and spherical microindentation is less than $100.

One single indentation test using MSS protocols takes 15-
20 min. It is worth mentioning that the data analysis cost for the
MSS protocols and conventional tensile protocols are similar. One
must pay attention that the total cost of MSS protocols for each
process condition is a quarter of the cumulative cost of conven-
tional tensile test protocol, mostly due to the reduction in the sam-
ple preparation efforts. The main disadvantage of the MSS pro-
tocols in exploration of process space however is that mechani-
cal properties such as ultimate tensile strength (UTS) and ductil-
ity estimated in conventional tension tests cannot be retrieved in
this manner. It should be noted that while the total cost expended
in the hardness test for each process condition is less than the
MSS protocols, it does not offer an estimation of Young’s modulus
and significantly suffers from lower fidelity in the estimated yield
strengths as discussed earlier.

5. Conclusions

This study investigated the influence of combined B and Nb mi-
croalloying elements on the microstructure and yield strengths of
18% Ni maraging steels (C350) in as-solution annealed and ther-
mally aged samples (500 °C). A combination of SEM-EDS/EBSD
and XRD was used to identify changes in the microstructures
due to microalloying elements. The mechanical properties of al-
loys were evaluated using hardness, high throughput microinden-
tation stress-strain protocols (MSS), and tensile testing. The results
are summarized as follows:

1 Reduction in the packet and block size of martensite was ob-
served by EBSD measurements of high angle grain boundaries
in as-annealed conditions, which was accompanied by change
in the morphologies of these features in the microalloyed steels.
This was speculated to be caused by the synergistic roles of B
and Nb microalloying elements in changing the Mg temperature
and in the retardation of austenite recrystallization during hot
forging.
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2 The bulk mechanical properties of maraging steels were esti-
mated using high throughput spherical microindentation stress-
strain protocols (MSS). The results of these measurements re-
vealed that the presence of Nb and B in the microalloyed
maraging steels improved the yield strength of maraging steels.
The microindentation results were in excellent agreement with
the uniaxial tensile tests conducted on a limited number of
sample conditions. Furthermore, delayed coarsening was ob-
served in the microalloyed steels. This effect is largely con-
trolled by the mobility and diffusion rate of elements in the
microalloyed steels. It is likely Nb and B microalloying assisted
in the development of new precipitate compounds with slug-
gish mobility for diffusion. A similar retardation effect also is
evident from the slower kinetics of the reverted austenite for-
mation in microalloyed steels which contributed to lesser de-
gree of softening in these alloys.

3 The critical comparison between the yield strengths using MSS
protocols and conventional tension tests and their correspond-
ing costs demonstrated the viability and merits of MSS proto-
cols for rapid exploration of the process and chemistry spaces.
Obviously, the MSS protocols offer attractive alternatives that
save money and time compared to the conventional uniaxial
testing, and much higher fidelity in the estimation of yield
strength compared to the hardness test.
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