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ABSTRACT

A new method to evaluate a resistance in plastic deformation during
nanoindentation is described to analyze the deformation modes including dislocation
glide motion and martensitic transformation in Fe alloys. The slope a of load/
penetration depth versus penetration depth (P/h versus /) plot has been found as a

suitable parameter to evaluate mechanical behaviors.

The P/h versus h plots of three typical microstructures (i.e. stable austenite, ferrite,
and tempered martensite) in the Fe alloys (i.e. SUS 316, Fe-30Ni, IF, and Fe-0.4C)
show that the values of the slope a increase proportionally as the nanohardness H,.. This
result indicates that the slope a can correspond to a plastic deformation resistance
associated with deformation mechanisms. The slope a in the stable Fe alloys holds
almost constant during the loading segment after onset of plasticity, which indicates
that single deformation mode like dislocation glide motion dominates the behavior
during the plastic deformation. In addition, the effects of grain boundary for ferrite in
the IF and stable austenite in the Fe-30Ni are investigated. The difference in the slope
a values between the vicinity of grain boundary and grain interior is not remarkable in

ferrite and stable austenite.

The nanoindentation behaviors of metastable austenite, stable austenite, and
martensite are demonstrated in the Fe-Ni steels. The influential factor, austenite grain
boundary (austenite grain size), on the mechanical stability is characterized. The P/h
versus 4 plots suggest that slip deformation of dislocations exhibits for the stable
austenite and martensite, while stress-induced martensitic transformation is detected in
the metastable austenite. The indentation-transformed martensite in the austenite grains
is confirmed by TEM observations in the region right beneath the indenter. The slope a
changes during deformation, which suggests a change in the dominant deformation
mode from martensitic transformation (stage 1) to dislocation glide (stage II) in the
metastable austenite. The slope a in the stage I corresponds to a mechanical stability of

austenite. The load P; at the transition from stage I to II can also evaluate the austenite



mechanical stability. Both the slope a in stage I and the transition load P; increase in
the vicinity of austenite grain boundary and the y/o' interface compared with austenite
grain interior. Furthermore, the transition load P; increases with decreasing the distance
from the austenite grain boundary. It suggests that the austenite grain boundary actively
suppresses the stress-induced martensitic transformation, in which it is in concordance
with the microstructural characterizations underneath indentation marks in the vicinity

of grain boundary.

In addition, the deformation behavior of metastable retained austenite in the Fe-
1.4C-12Cr steel is investigated to determine the effect of the austenite grain size on the
mechanical stability. The results by nanoindentation have also demonstrated that
martensite exhibits a single deformation stage during the plastic deformation, while
metastable retained austenite shows double stages. TEM observations on an indentation
mark inside the austenite grain suggest that stress-induced martensitic transformation
occurred in stage 1. Furthermore, both the slope a in stage I and the transition load P;
increase with decreasing the austenite grain size, which indicates that the fine grains

are mechanically more stable than the coarse grains.
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Chapter 1 Introduction

1.1 Background

The development of automotive industries brings the fact that global warming
and natural resource depletion become the most critical environmental issues. Several
studies indicate that vehicle traffic causes nearly 23% of carbon dioxide emissions. This
amount will be likely increased to double by 2050 [1-2]. Besides, according to the
International Energy Outlook report [3], natural fuel consumption will grow from 3%
in 2012 to 11% in 2040. Therefore, lowering the rate of carbon dioxide emissions and
fuel consumption is seen as the most significant trend and challenge for automotive
industries. One of the most important ways to achieve this is by reducing the structural
weight of vehicles. Therefore, lighter, safer, environmentally sustainable, and more fuel

efficient vehicles are a priority for future automotive industries.

The steel for the requirements of the vehicle structures must satisfy some
parameters regarding both heightened strength and excellent formability, however, a
trade-off relationship exists between the two. The advanced high strength steels (AHSS)
[4-10] have attracted considerable interest as the excellent formability, thereby reducing
the overall weight of steel is used during manufacture. The AHSS family includes dual
phase (DP) steels, transformation-induced plasticity (TRIP) steels, martensitic steels,
etc. Figure 1.1 [11] shows the relative tensile strength and formability (measured by
total elongation) of conventional high strength steels (HSS) and AHSS. TRIP steels

provide the best balance between the strength and elongation concerns.
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Figure 1.1 Tensile strength and total elongation combinations for various classes of conventional

HSS and AHSS [11].

A schematic stress-strain curves for TRIP steels and conventional steels are shown

in Fig. 1.2. The black curve describes the mechanical behavior of the conventional

steels. The blue curve illustrates the mechanical behavior of the steels with TRIP effect.

As can be seen, TRIP effect brings large additional elongation and strength when the

retained austenite transformed into the martensite during the plastic deformation

process, and thus postpones the onset of local necking.
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Figure 1.2 The typical stress-strain curves for the TRIP steels (blue curve) and the conventional

steels (black curve).



For having the enhanced strength and excellent formability of steels in the
lightweight automotive application, fundamental knowledge in mechanically-induced
martensitic transformation is necessary to understand the mechanical mechanisms of
the austenite phase in Fe-C steels. Furthermore, the previous studies on the factors

affecting mechanical stability of the austenite phase are described.

1.2 Martensite and martensitic transformation

The word “martensite” that describes a very fine and sharp microstructure of
hardened but untempered steels during the quenched process from a high temperature
is named after Professor A. Martens, the famous German metallurgist [12]. Martensite
holds the greatest technological importance in steels, in which it can provide the

outstanding strength.

1.2.1 Morphology of martensite

Martensite exhibits various morphologies which can be divided into four types,
for instance, lath martensite, butterfly martensite, lenticular martensite, and thin plate
martensite [12-19]. In iron-based alloys, the morphologies of martensite are mainly
determined by the chemical composition and martensitic transformation start
temperature (). Lath martensite usually forms in low carbon and/or nickel steels, as
well as at the high M; temperature range. In contrast to that, with increasing carbon
and/or nickel content and decreasing the M, temperature, the martensite morphology
shifts to butterfly martensite, lenticular martensite and thin plate martensite. Figure 1.3
shows the four significant morphologies of martensite in the iron-based alloys [20-22].
These martensite are distinguished not only morphologically but also
crystallographically [14, 15, 18]. Lath martensite in Fig. 1.3(a) exhibits a {1 1 1}z
habit plane and contains a high density of dislocations. Butterfly martensite in Fig.

1.3(b), named from its appearance, exhibits a particular {2 2 5} . habit plane and
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consists of twins and dislocations. Lenticular martensite in Fig. 1.3(c) exhibits a {2 5
O}fec or {3 10 15}4. habit plane and partially twinned with a midrib. Thin plate
martensite in Fig. 1.3(d) exhibits a {3 10 15} 1. habit plane and is completely twinned

without a midrib.

Figure 1.3 Optical micrographs of (a) lath martensite in Fe-0.18C alloy [20], (b) butterfly
martensite in Fe-20Ni-0.73C alloy [21], (c) lenticular martensite in Fe-29Ni-0.2C alloy [22], and (d)
thin plate martensite in Fe-31Ni-0.29C alloy [21].

1.2.2 Orientation relationships of martensitic transformation

The strengthening of steel through quenching has been used for thousands of years
as a practical process. In recent hundreds of years, the result of a structural change is
caused by the shear deformation of the martensite from the austenite, in which it is
called martensitic transformation. A martensite reaction can be considered to be a first-

order solid-state structural change, which is (a) displacive, (b) diffusionless, and (c)



dominated in kinetics and morphologies by the strain energy arising from the shear-like
displacements. The series of three characteristics is considered as both necessary and

sufficient to define a martensitic transformation.

The orientation relationships between austenite and martensite will have a very
significant influence on the characteristics of the martensitic transformation. Bain
proposed the simplest mechanism showing how a bcc lattice can be generated from fcc
lattice by the compression of one lattice directions and the expansion of two other
directions as shown in Fig. 1.4 [23]. The Bain orientation relationship serves as a first
approximation or a reference point when martensitic transformation is investigated
because it is never observed in iron-carbon and iron-nickel steels. Indeed, the Bain
strain leaves no plane undistorted and unrotated, denoted as invariant planes. Thus, a
lattice-invariant shear must accompany the Bain distortion. The phenomenological
theory states that the martensitic transformation is accomplished by the Bain distortion
and a shear deformation at the interface between austenite and martensite. The shear at

the austenite/martensite (y/a') interface occurs by either slip or twinning.

Figure 1.4 Lattice correspondence for Bain distortion, and the movement of crystal lattices along

one compression and two expansion axes for the fcc to bee transformation [23].

Four well-known orientation relationships which include Kurdjumov-Sachs (K-

S) [24], Nishiyama-Wassermann (N-W) [25, 26], Greninger-Troiano (G-T) [27], and



Pitsch [28] relationships are typically used for martensite when the transformation of
austenite into martensite was studied. Table 1.1 shows the four orientation relationships
between the parent austenite phase and product martensitic structure. The number of
variants for each orientation relationship is also given in Table 1.1. In the case of the
K-S relationship, there are six variants with different direction parallel relationship on
a conjugate parallel close-packed plane such as the (111) austenite plane. Thus, K-S
relationship holds 24 variants as it has four crystallographically parallel planes in a
given austenite grain. Furthermore, three variants evolve on a conjugate parallel close-

packed plane for the case of N-W relationship.

Table 1.1 Four orientation relationships between parent austenite and product martensite [24-28].

Name Orientation relationship Number of variants
K-S {111}y// {110}a’, <110>y// <111>a 24

N-W {111}y// {110}a', <112>y// <110>0! 12

G-T {111}y~1° {110}a', <110>y~ 2.5° <111>0' 24

Pitsch {110}y// {112} 0!, <100>y// <110>a' 12

1.2.3 Stress- and strain-induced martensitic transformation

The martensitic transformation is responsible for the appearance of specific
interactions when external stresses are applied. The martensitic shape change itself
contributes a mode of deformation. Transformation induced plasticity (TRIP) is a
phenomenon highlighted by Zackay et al. in 1976 [29], in which stress- and strain-
induced martensitic transformation causes and promotes plastic deformation. It
enhances both the strength and ductility of steels, therefore, the phenomenon is of great

importance.

The martensitic transformation starts at the M, temperature which is determined

by the chemical composition [30-33] but also is induced with the aid of deformation at
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higher temperatures. The applied stress will generate a positive contribution to the
driving force for martensitic transformation, and thus elastic deformation will generate
martensitic transformation at temperatures above M; but below a proper temperature
M. This is called stress-induced martensitic transformation because the martensite
nucleation is considered to start at the simply same sites, i.e. nucleation can occur at the
grain boundary, aided mechanically by the thermodynamic contribution of the applied
stress, which is lower than the austenite yield stress. Further, martensitic transformation
can also take place above the proper temperature M,’, and then it is defined as strain-
induced martensitic transformation. Significant plastic flow precedes the martensitic
transformation, and hence an additional contribution to martensitic transformation can
arise from the production of new and more potent nucleating sites generated by the
plastic deformation, such as twins, stacking faults and e-martensite. The upper limit for
the strain-induced martensitic transformation is My, and thus no martensite will form
above this temperature. However, this temperature is hard to measure and hence another
parameter, My3o, 1s established by T. J. Angel [34], which is the temperature at which
50% of the martensite is produced at 30% true strain under tensile condition. The

temperatures M; and M3 are given in Eq. 1.1 [32] and 1.2 [34] as follows:

M,(°C) = 539 — 423C — 30.4Mn — 17.7Ni — 12.1Cr — 7.5Mo (1.1)

M 30(°C) = 413 — 13.7Cr — 9.5Ni — 8.1Mn — 18.5Mo — 9.25i — 462(C + N)
(1.2)

The fractions of elements are in mass%, and the equations are stating that more alloying

additives enhance the stability of the austenite.

The above-mentioned martensitic transformation mechanisms are distinguished
by G. B. Olson and M. Cohen [35, 36]. Figure 1.5 is a schematic illustration of the
interrelationships between stress-induced martensitic transformation and strain-
induced martensitic transformation in Fe-Ni-C alloys. In Fig. 1.5, the types of

martensitic transformation mechanisms are dependent on the imposed condition of



stress and resultant thermodynamics, and the sites of the martensite nucleation. For
either of the two mechanisms to take place, the temperature must be above the M. The
proper temperature M° lying above the M, is defined below which the onset of

martensite formation initiates yielding under applied stress, and above which

/ Strain-induced
/ nucleation

Stress-induced
nucleation

Stress ———
<

Yield strength of
austenite

Temperature ——

conventional slip processes in the parent phase initiate yielding under applied stress.

Figure 1.5 Schematic illustration of the interrelationships between stress-induced martensitic
transformation (below M;°) and strain-induced martensitic transformation (above M;°) in Fe-Ni-C
alloys [35].

1.3 Factors affecting austenite mechanical stability in TRIP-aided

steels

As mentioned in the background section, a combination of excellent elongation
and enhanced strength can be obtained by the TRIP effect. The essential constituent of
the TRIP effect is the presence of the retained austenite phase, which is a metastable
phase at room temperature. Therefore, the stability of the austenite phase is crucial to
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the mechanical properties of steels. When the retained austenite phase is overstabilized,
the TRIP effect is inhibited entirely, which makes no contribution to improve
mechanical properties, by contrast, when the retained austenite phase is unstable, and
the martensitic transformation early occurs at a low strain during the plastic
deformation, resulting in small contribution to ductility of TRIP steels. The stability of
the austenite phase is classified into thermal stability and mechanical stability. The
former indicates the stability of the austenite phase against martensitic transformation
during heat treatment, while the latter represents the stability of the austenite phase

during deformation.

In general, the mechanical stability is affected by the chemical composition, the
grain size of austenite, the morphology of austenite, the constraint effect by the phase
surrounding austenite, and the crystallographic orientation of austenite. The chemical
stabilization is that the concentration of elements stabilizes in the austenite phase, for
instance, carbon, manganese, silicon, aluminum, chromium, and nickel [37-57]. Among
them, carbon is the most crucial element affecting mechanical stability of the austenite
phase [37-43]. The study reported by G. Reisner et al. [37] suggests that the austenite
grains with low carbon content (<0.6 mass%) transformed into martensite at a shallow
strain value. In this case, it is found that the total elongation of the steel is detrimentally
affected by the early transformation as the martensitic transformation from the austenite
phase occurs too early so that the hardening supplied by the TRIP effect is used up
before failure begins when it is needed most. This suggests that higher carbon content
in the austenite phase leads to higher mechanical stability. However, the opposite
problem has also been reported in steels with the high carbon concentration of austenite
phase. A further increase in the carbon content in the austenite phase leads to a decrease
in the volume fraction of martensite, thereby increasing its stability too much [39, 40,
43]. It has been suggested that the volume fraction of retained austenite can be
influenced by an optimum carbon content in the retained austenite phase. Therefore, it
indicates that it exists optimal stability of the retained austenite phase depending on

carbon concentration. The effect of the other alloying elements has also been widely



investigated, and the details are described in the following. Manganese is one of
austenite stabilizing elements and also improves hardenability [44-46]. In Fe-0.3C-
1.6S1 mass% TRIP steels, increasing manganese content in the retained austenite leads
to a decrease in the volume fraction of retained austenite, improving the mechanical
stability [46]. Silicon is an effective element to suppress cementite precipitation [47-
49]. As shown in the results [49] of the volume fraction of retained austenite for Fe-
0.15C-1.4Mn mass% TRIP steel with different silicon content, the 0.24 mass% silicon
sample contains small amount of retained austenite phase which suggests that austenite
transforms completely to martensite at an early stage of straining. With increasing
silicon content, the amount of retained austenite phase is increased, suggesting higher
mechanical stability which means that higher strain is required for the martensitic
transformation. When the silicon content is above 1.44 mass%, some retained austenite
is still present and undergoing the transformation even after necking starts. Aluminum
is also an element for improving the austenite stability similar to Si [50-55]. The
replacement of Si by aluminum content leads to a much lower rate of transformation
with strain, resulting in higher stability of the retained austenite phase [50]. Chromium
plays an active role in improving austenite stability because it delays the pearlite
transformation and carbide precipitation [56, 57]. The results obtained from Fe-1
mass% C steels with different chromium content [57] indicate that in a higher
chromium sample (1.8-2.5 mass% Cr), a more gradual decrease in the austenite volume
fraction occurred in response to compressive stress when compared to lower chromium
samples. The higher chromium sample has larger barrier energy for transformation so
greater compression is needed to trigger the martensite transformation. By increasing
the compression, the volume fraction of retained austenite in the higher chromium
sample decreases, but at a slower rate when compared to the lower chromium samples.
Nickel is also an element of austenite stabilizer [58]. The amount of retained austenite
is found almost to zero in the Fe-0.2C-1.4Mn-1.4Si mass% steel without nickel after
the tensile deformation. Whereas, the 1 mass% nickel sample still remains about 4.3%
of retained austenite. This confirms that the addition of nickel increases the stability of

the retained austenite phase and makes it more difficult for the martensitic
10



transformation. Figure 1.6 is the mechanical stability of austenite dependent on

elements mentioned above.

[ C ——foscimmoss) [ Mn ] ssores ] LS F——fomciam |

- 50§~ Original RA |
16 B
{Q&P, C: 1.1, 3Mn SMn s
N A A N N R oToeeeenssseseosooooiooo g
=Tl Lo/ . C content in RA 094 095 | %
3 . §
< fra (%) 24 23
4 ’ [ra after tensile (%) 0.1 5.8 H Rl
4 Annealed, C: 0.6, | =
0 [ Afoa: 9 i Afza (%) 23.9 17.2
0.0 0.1 02 0.3 0.4 05 0 05 10 16 20

[

—=— Sample A(1.8-2.5%) 0.30
—e— Sample B(0.6-0.8%)

T Silicon (Wt.%)
1och Ni 0.2C-1.4Mn-1.4Si

g

»
&

@
8

Volume percent of RA
9
8

Volume fraction of retained 7
e o o f
-
3 = 8
P I
\. S
H
i
i
i

3

[ —
od After deformation i

08 T T T T T
6’,00 005 010 045 020 025 030 © 0 00 1000 150 2000 2500 3000 3500

7 T T T T v
€ true Induced compressive stress(MPa) e W 300 310 320 330

Temperature (°C)

Figure 1.6 The mechanical stability of austenite dependent on elements, such as carbon [43],

manganese [46], silicon [49], aluminum [50], chromium [57], and nickel [58].

The grain shape of retained austenite affects its mechanical stability. A study on
the austenite grain morphology in Fe-0.17C-2.2Mn-1.6Al mass% steel that is reported
by J. Chiang et al. [59] shows that the retained austenite in the equiaxed microstructure
transforms faster with strain as shown in Fig. 1.7(a). By contrast, the retained austenite
in the lamellar microstructure transforms more slowly and ceases to transform at about
80% transformation. In the optical microscope images (Fig. 1.7(b)), the equiaxed
microstructure is generally “blocky”, and the lamellar microstructure is a mixture of
“blocky” and “elongated”. The elongated shape of the retained grains like thin film in

the lamellar microstructure results in high mechanical stability of retained austenite.
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Figure 1.7 (a) The plots of the volume fraction of transformed retained austenite as function of true
strain in Fe-0.17C-2.2Mn-1.6Al mass% steel and (b) the optical images of retained austenite in the

equiaxed and lamellar microstructures [59].

Also, the retained austenite orientation with respect to the load direction affects
the mechanical stability [37, 60-63]. Figure 1.8 shows the microstructures consisting of
ferrite, transformed martensite and retained austenite in the Mn-Al type TRIP steel (Fe-
0.2C-5.0Mn-0.5Si-1.5A1-0.05V mass%). The gray grains represent ferrite and
transformed martensite, and the others are retained austenite. Figures 1.8(a), (d) show
IPF maps of the retained austenite grains, (b), () represent Schmid factor distribution
maps of retained austenite with the color scale of Schmid factor inserted in (e), and (c),
(f) show the histogram of Schmid factor of retained austenite. (a), (b), (c) and (d), (e),
(f) correspond to the true strains of 0.03 for 0.3, respectively [62]. The histograms show
that most of retained austenite have Schmid factor around 0.43 at the true strain of 0.03,
whereas, the Schmid factor shifts to smaller around 0.36 when the true strain increased
to 0.3. It suggests that retained austenite grains with small Schmid factor exhibit high
mechanical stability. That’s to say, when the retained austenite exhibits an orientation
which helps the retained austenite deform, it will lead to a larger driving force for

martensitic transformation and in turn the earlier transformation.
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Figure 1.8 The microstructures consisting of ferrite, transformed martensite and retained austenite
in the Mn-Al type TRIP steel (Fe-0.2C-5.0Mn-0.5Si-1.5A1-0.05V mass%). The gray grains
represent ferrite and transformed martensite, and the others are retained austenite. (a) and (d)
show IPF maps of the retained austenite grains, (b), (¢) represent Schmid factor distribution maps
of retained austenite with the color scale of Schmid factor inserted in (e), and (c), (f) show the
histogram of Schmid factor of retained austenite. (a), (b), (¢) and (d), (e), (f) correspond to the true
strains of 0.03 for 0.3, respectively [62].

Furthermore, the mechanical stability against martensitic transformation is
influenced by the neighboring phases around the retained austenite phase due to the
load transfer [64-71]. On the microscale, the plastic deformation in multiphase TRIP
steel is a complex process. Figure 1.9 is the volume fraction of retained austenite versus
true strain plot for different surrounding phases in Fe-0.17C-1.41Si-2Mn mass% steel
[70]. When the retained austenite located among the softer ferrite, the ferrite plastically
deforms first, transferring the load to the retained austenite which bears more strain and
stress, resulting in the transformation to martensite at the early stage of straining.
Contrarily, when the retained austenite surrounded by the harder phase, such as
martensite or bainite, which helps reduce strain and stress partitioned to the retained
austenite, resulting in a lower transformation rate, thus, the martensitic transformation

is delayed and mechanical stability is improved.
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surrounding phase in Fe-0.17C-1.41Si-2Mn mass% steel [70].

Also equally important, the grain size of retained austenite is particularly crucial
in determining its mechanical stability [66, 72-74]. The plot of the transformation rate
as a function of austenite grain size in Fe-0.25C-3Mn-1.5Si TRIP steel [ 72] have shown
that the larger grains exhibit higher transformation rate, rapidly transformed to
martensite at the early stage of plastic straining, whereas, smaller grains require larger
macro-stresses to get the needed strain for austenite to martensite transformation. It

suggests that the retained austenite grains with larger size hold the lower mechanical

stability.
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Figure 1.10 The transformation rate versus austenite grain size plot in Fe-0.25C-3Mn-1.5Si TRIP
steel [72].

However, Matsuoka et al. [75] have reported that the mechanical stability under
tensile deformation is not influenced by grain size. In the Fe-16Cr-10N1 mass%
austenitic steel, the plot of the volume fraction of martensite as function of austenite
grain size (Fig. 1.11) shows that the volume fraction of martensite is not changed for
different grain size even though under different tensile deformation. In this study, some
special variants are selected so that the anisotropic transformation strain can be released
by the tensile strain in deformation-induced martensitic transformation, thus the
suppression of martensitic transformation by grain refinement becomes invalid. This

suggests that the mechanical stability of austenite independent on grain size.
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Figure 1.11 The plot of the volume fraction of martensite as function of austenite grain size [75].

There are a few studies on the mechanical stability of retained austenite, however,
most of them deal with multiple factors, such as carbon content and grain size. In
addition, the current state of knowledge regarding the individual effect of grain size of
retained austenite on the mechanical stability has not been sufficiently understood,
because the grain size of retained austenite is too small, generally at several
micrometers, and dispersive to be characterized in the mechanical behavior of
individual austenite grain by the conventional analytical techniques. In order to resolve
this issue, nanoindentation is employed in the present study to determine austenite

mechanical stability, in which it allows hardness measurements at nanoscale.
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1.4 Nanoindentation on mechanically induced martensitic

transformation

Nanoindentation measurement is the most suitable to investigate the mechanical
behavior of the individual austenite grains in such small-scale. A study [76] is reported
that nanoindentation is carried out to confirm the appearance of martensitic
transformation underneath the indentation mark combined with the TEM observation
on cross-sectioned microstructure in multiphase TRIP steel. The experimental data are
shown in Fig. 1.12, where (a) is the load-displacement curve of austenite grain indicated
by the black dotted line with Hertz fit to identify the onset of plastic deformation
indicated by the blue dashed line, and (b) is bright-field image of a cross-sectional view
of the microstructure underneath the indentation mark and the diffraction patterns from
the selected regions. The analysis of the diffraction patterns indicates that the region
closest to the indentation mark is identified to be the transformed martensite and the
adjacent region is the original austenite grain, in which martensitic transformation is
related to the intermittent displacement bursts in the loading segment of the load-
displacement curve of metastable austenite. In the additional study [77], the e-
martensite transformation occurs during nanoindentation in high nitrogen stainless steel,
in which it also leads to the intermittent displacement bursts in the plastic deformation

stage of the load-displacement curve.
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Figure 1.12 (a) The load-displacement curve of austenite grain indicated by the black dotted line,
and Hertz fit to identify the onset of plastic deformation indicated by the blue dashed line, and (b)
bright-field image of a cross-sectional view of the microstructure underneath the indentation mark

and the diffraction patterns from the selected regions [76].

Mechanical stability of retained austenite in nanoscale is similarly investigated in
high carbon martensitic steel using nanoindentation which is combined with EBSD
measurements carried out before and after nanoindentation test [78]. Figures 1.13(a)
and (b) are phase maps of austenite in blue and martensite in red obtained from EBSD

measurements before and after nanoindentation, respectively. Figure 1.13(c) is the
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corresponding load-displacement curve, where the blue arrows indicate the
displacement bursts during nanoindentation, and the red dashed line represents the
calculated Hertz elastic contact solution. The microstructure at the indented region
demonstrates that the appearance of the martensite is presumably the consequence of
the nanoindentation, leading to the displacement bursts in the load-displacement curve.
The curve deviated from the Hertz fit line marks as an initiation of plastic deformation.
The following bursts in displacement should be associated with dislocation movement

and martensitic transformation.

As described above, nanoindentation is a powerful technique to examine the
mechanical behavior of austenite phase. However, it cannot be identified which burst
is correlated to martensitic transformation through the load-displacement curve. What’s
more, no detail interpretations on mechanical stability of austenite is described.
Therefore, it is essential to develop a new analytical method to better understand the

deformation behaviors in Fe alloys using nanoindentation.
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Figure 1.13 (a) and (b) Phase maps of austenite in blue and martensite in red obtained from EBSD
measurements before and after nanoindentation, respectively. (c) The corresponding load-
displacement curve, where the blue arrows indicate the displacement bursts during
nanoindentation, and the red dashed line represents the calculated Hertz elastic contact solution
[78].
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1.5 Aim and objective of the research

Although there is a large number of published studies, to the authors’ knowledge,

the dependency of grain size on the mechanical stability of austenite has not been made

clear yet. The present research aims to investigate the individual effect of grain size of

retained austenite on the mechanical stability, and have better knowledge on the

deformation mechanism of austenite.

The scope of this thesis includes five chapters that background in chapter 1, the

primary investigations in chapters 2, 3, and 4, and summary and conclusion in chapter

5. The objectives of the thesis are described as follows:

1)

(@)

In chapter 2, a new evaluation method using the slope a of the P/h versus &
plot obtained from nanoindentation is proposed to visually and quantitatively
identify the plastic deformation modes. The mechanical behaviors of the SUS
316, Fe-30Ni, IF, and Fe-0.4C steels are respectively characterized by
nanoindentation to corroborate the relationship between the slope a value of
the P/h versus & plot and the nanohardness H,. The grain boundary effect in
the IF (ferrite phase) and the Fe-30Ni (stable austenite phase) steels is also

investigated.

In chapter 3, the mechanical behaviors of the martensite in the Fe-27Ni steel
and the stable austenite in the Fe-30Ni steel are studied to compare the plastic
deformation mode with the metastable austenite in the Fe-27Ni steel. The
effects of austenite grain boundary and y/a' interface on the mechanical
stability of individual austenite grain are investigated to make clear the
boundary effect on the resistance to nanoindentation-induced martensitic

transformation.

(3) In chapter 4, the mechanical behavior of individual retained austenite grains

in the Fe-1.4C-12Cr steel is described to understand the plastic deformation

mechanism. Moreover, the effect of grain size on the mechanical stability of
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individual retained austenite phase is shown.
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Chapter 2 A new evaluation method for nanoindentation

behaviors

2.1 Introduction

A requirement for developing a micromechanical model of TRIP-aided steels is
the knowledge of the flow properties of each of the phases in the microstructure,
especially retained austenite. The microstructure of retained austenite in TRIP-aided
steels is too small and dispersive to be characterized in the mechanical behavior by the
conventional analytical technique [1-4]. Nanoindentation is a compelling technique
used for assessing the local mechanical properties of the microscale and nanoscale
materials such as thin films, specific phases, and microelectronics that traditional
hardness tests are not able to probe. The principle of nanoindentation, like other
hardness measurement techniques, consists of applying a prescribed load to an indenter
in contact with the specimen. The advantage of this technique is that a very small
material volume is used and some mechanical properties can be assessed from the same
indentation test [5-11]. The fundamental aspects in nanoindentation including Hertz
contact theory, pop-in phenomenon, and Oliver-Pharr analysis method are described in

sections 2.1.1 and 2.1.2.

In recent years, there are a few studies focused on the mechanically induced
martensitic transformation in retained austenite which is the crucial nature for TRIP
effect using nanoindentation technique, however, most of these results are regarded as
the overall nanohardness and mechanism of this phenomenon [12-19]. However, the
typical analytical method, the load versus penetration depth (P versus /) curve, used in
the previous studies cannot directly and quantitatively demonstrate the deformation
behaviors during loading, for example, when the martensitic transformation starts or
completes during the plastic deformation in metastable austenite. Therefore, the new
evaluation method using the load/penetration depth versus penetration depth (P/h
versus 4) plot is purposed to characterize the deformation modes in section 2.1.4. A

study [20] in Fe-28Mn-6Si-5Cr shape memory alloy has shown that the plots of P/h
30



versus & converted from the typical P versus 4 curves exhibit two slope values during
the plastic deformation, which presumably corresponds to the martensitic
transformation and slip deformation. It indicates that the change in the slope of the P/

versus 4 plot is believed to be a change in the deformation modes.

In section 2.3, the three typical microstructures in the Fe alloys are employed to
demonstrate deformation behaviors through the new evaluation method of the slope of
the P/h versus h plot and corroborate the relationship between the slope of the P/h
versus 4 plot and the nanohardness H,. The effects of grain boundary in ferrite and

stable austenite phases are also described using the values of the slope.

2.1.1 Hertz contact theory

H. Hertz first studied the nature of the stresses arising from the contact between
two elastic bodies in 1881 [21]. His theory is found to be very accurately describing the
contact between a rigid spherical indenter and a flat elastic half-space as shown in Fig.
2.1. Besides, it allows the quantification of the resulting contact area, contact pressure,

compression of the bodies, and the induced stress and strain in the bodies.

The radius of the circular contact area 7. could be computed by H. Hertz as Eq. 2.1

s _ 3PR;
c 4‘E*

2.1)

where P is the load, R; is the radius of the indenter tip, and £ is called reduced modulus
which is a combination of the indentation modulus of the sample and indenter. The

reduced modulus can be expressed by the following equation

(2.2)

where E and v are the elastic modulus and Poisson’s ratio of the sample (s) and indenter

(1), respectively.
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The load P can be represented as a function of the penetration depth % on the axis
during pure elastic deformation as Eq. 2.3

4
P = E'JR, (2.3)

Here, some assumptions are required for Hertz contact theory, such as continuous

surface, pure elastic deformation, and small strains.

P

Figure 2.1 Schematic illustration of Hertz for contact between a rigid spherical indenter and an

elastic half-space.

Over the last several decades, many studies have indicated that a displacement
burst under load controlled mode or load drop under displacement controlled mode is
observed in a loading segment, referred to pop-in [22-31], for single crystal and
polycrystalline materials. Several mechanisms are reported to interpret the pop-in
phenomenon. The first pop-in has been believed to be a process correlated with
dislocation nucleation [24, 31]. The following pop-ins are associated with dislocation

avalanche with fractal behavior [32, 33] or mechanically-induced phase transformation
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[12-14]. Hertz contact theory (Egs. 2.2 and 2.3) is used for identifying elastic and plastic
deformation through fitting well to a load-displacement curve during nanoindentation
where the first pop-in is considered as an initial of plastic deformation. This fitting

method is employed to analyze the nanoindentation results in this study.

2.1.2 Oliver-Pharr analysis method

The hardness H of materials has been defined as the materials’ resistance to plastic
flow and is calculated by the indentation load P divided by the contact area 4, namely

as Eq. 2.4

> | o

H= (2.4)

In the conventional indentation tests, the contact area is directly measured from
the residual impression area. The material’s hardness could then be easily calculated.
However, in the nanoindentation tests, the residual impression area is too small to be
directly measured by optical microscope. Therefore, the most notable and vital method
is Oliver and Pharr analysis method in which the contact area is determined by the
measured penetration depth along with the prescribed load [34]. In this method, the
contact area under the load is acquired by measuring the slope of the unloading portion
of the P versus & curve during the nanoindentation process, showing an elastic-plastic
loading followed by elastic unloading. Figure 2.2 is a schematic P versus / curve

showing loading and unloading during the nanoindentation process.

The slope S during the unloading segment of the P versus 4 curve in Fig. 2.2 is
defined as the measured stiffness of materials. This value can be represented as the rate
of change of the load over the rate of change of the penetrated depth, which can be

related to the contact area and reduced modulus.
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LOAD, P

DISPLACEMENT, h

Figure 2.2 Schematic illustration of a typical P versus & curve showing loading and unloading

during the nanoindentation process [34].

To calculate the elastic modulus and hardness of materials, the 4 should be first
determined. The area under load during nanoindentation as a function of contact depth

he 1s created and fitted by Eq. 2.5
A = Coh? + Cyhe + CohY? + C3hY* + C,hY/® + Csh /™ (2.5)

where C is the load frame compliance and Cy through Cs are constants. The lead term
describes a perfect Berkovich indenter, Cyp =24.5. Unfortunately, a perfect Berkovich
indenter is a utopia. Even if it is carefully manufactured, the indenter tip is usually
blunted and/or have other defects, or it becomes imperfect after few nanoindentation
tests. The Oliver and Pharr analysis method also evaluates the other fitting parameters
to describe deviations from the perfect Berkovich geometry. At the shallower depths,
the radius of curvature becomes the dominating effect in the area function, thus,
allowing Cy to vary will help take the non-perfect probe shape into account at shallower
depth. As h. increases, C; through Cs of the area function polynomial fit become
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negligible and the lead term becomes the most important term. When finding the

coefficients for the area function, it is also best to use as few coefficients as possible.

The contact depth /4. can be determined from the experimental data, given by Eq.

2.6.and 2.7
hc = hmax - hs (2-6>
h = k % 2.7)

where Anqx 1s the maximum penetration depth at peak load, 4, is the depth of the surface
at a perimeter of the contact, and & is a geometric constant for conical indenters. A cross-
sectional view of an indentation mark during the unloading process with the above-

mentioned contact geometry parameters is shown in Fig. 2.3.

SURFACE PROFILE AFTER
LOAD REMOVAL

INDENTER

INITIAL
SURFACE

SURFACE PROFILE
UNDER LOAD

Figure 2.3 Schematic illustration of a cross-sectional view of an indentation mark during the

unloading process [34].
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2.1.3 Evaluation of hardness in a loading segment

Oliver-Pharr method is based on an analysis in unloading curve, as described in
the previous section, and hence the hardness can be evaluated at peak load only. We
sometimes need to evaluate hardness in a loading segment during increasing applied
load, for example depth profile of hardness in layered structure materials. Therefore,

another evaluation model is described as follows.

The theoretical load P creating an elastoplastic deformation in a loading segment
can be given approximately as a function of penetration depth / [35]
P = ah? (2.8)
where the parameter a is a constant.
The theoretical load P can also be expressed as
P, = a,h? (2.9-1)
P, = a,h; (2.9-2)
where the parameters a. and a, are constants for elastic and plastic deformation, and 4.
and /i, are elastic and plastic penetration depth, respectively. It should be noted that %.
~ hs and &, ~ he as shown in Fig. 2.3, respectively, therefore, the penetration depth /4

consists of elastic and plastic displacements, given by 4 = k. + h, under a condition of

load P = P. = Pp. Therefore, the parameter a is written as
a V% = a;V? + a;?, (2.10)

The parameters a. and a, respectively depend on the material constants, Young’s
modulus and the hardness. When the /4, is much larger than the 4., only the parameter

ap 1s the controlling factor for the parameter a.

Nevertheless, in real case, the influences of tip truncation and the stiffness of load

frame should be considered. Thus, the measured load P is given by

P = ah® + bh 2.11)
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where the parameter b is a constant. The parameter b corresponds to the shape of the

indenter tip and the stiffness of the load frame.

Besides, as described in Eq. 2.4, the hardness H can be calculated by the
indentation load P divided by the contact area 4 which is proportional to the square of

the penetration depth /. Therefore, the hardness H is expressed as
H=P/AxP/h?=a. (2.12)

That’s to say, the parameter a is correlated to the hardness of materials, associated with

the plastic deformation mechanisms.

Since the hardness consists of an integration of strength in each strain, which
distributes in the strain field underneath the indenter. An example [36] shows the strain
distribution for a Berkovich indenter. In Fig. 2.4, a high strain zone (strain > 20%) exists
at the region close to the indenter, and the strain inversely decreases as the depth. The
region at strain > 0.2% corresponds to the yield stress point. The higher strain region
may include a strain hardening effect, but the strain distribution has similarity in any P
(or h), independent on the indentation size, therefore, the hardness doesn’t depend on

the penetration depth when the deformed volume is homogeneous.

The parameter a changes if different deformation modes operate during plastic
deformation. Hence the parameter a is the key factor in Eq. 2.11. The evaluation of the
parameter a is of great importance in this study, which is described in the subsequent

section 2.1.4.
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Figure 2.4 Axisymmetric geometry of a Berkovich indenter contacting an elastic-plastic material

[36], showing the equivalent plastic strain ranging from 0.2% and 20%.

2.1.4 A new evaluation method of the parameter a

As described in the previous section, the parameter a is one of the key parameters
to determine a deformation mechanism, hence it is applied to evaluate the mechanical
stability of metastable austenite in the present study. The parameter a changes if
different deformation modes operate during plastic deformation because the parameter
a 1s correlated to the hardness, which is associated with the deformation mechanisms.

There are three options to estimate the parameter a in experimental approaches.

One is that the parameter a is calculated by a differential dP/dh at a depth of a
quadratic function of Eq. 2.11 fitted with the P versus /4 curve. Figure 2.5(a) is a typical
P versus h curve of metastable austenite with the quadratic fitting line indicated by the

red solid line. The function is apparent to include single a value even though the
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deformation consists of two stages with different a as described later. Therefore, this
method has poor accuracy to sense a a value, and hence is not good enough to find a
change in a value, which corresponds to a transition of deformation mechanism when
different deformation modes operate during the plastic deformation process. In other
words, the transition point must be determined a priori for using this method to estimate

multiple a values, which is significantly difficult experimental and almost impossible.

Another is making a plot of an incremental difference AP/Ah as a function of 4 for
the experimental data. Figure 2.5(b) shows 4P/4h versus h plot in each incremental step
with 5 ms interval time of data recording for the same data in Fig. 2.5(a). The plot is
badly scattered and it is absolutely difficult to estimate a value and transition point as

well.

The other is that the typical equation Eq. 2.11 is converted to a linear equation,

written as
P/h =ah+b. (2.14)

Figure 2.5(c) shows the loading segment of P/h versus £ plot for the same data in Fig.
2.5(a). The parameter a can be visually and quantitatively evaluated through the slope
of the P/h versus /h plot, which is given by the linear least squares fitting on plenty of
experimental data points in a loading segment. Furthermore, the transition point 7; is
clearly determined on the plot, which is another advantage in this method. This
evaluation method is much easier to determine the a, and also the P; can be measured
without any assumption for the P-4 data. Besides, one of the advantages of using this
evaluation method is to visually show the elastic and plastic deformation stages even

though the first pop-in is much smaller.

As described above, the P/h versus 4 plot is the best method to evaluate the values
of the slope a that is associated with the plastic deformation mechanisms and the
transition load P;, which is carried out to assess the mechanical stability of metastable

austenite in chapters 3 and 4.
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Figure 2.5 The nanoindentation behavior of metastable austenite in Fe-27Ni-H: (a) the typical P
versus & curve, (b) the converted 4P/4h versus h plot, and (c) the converted loading segment of P/h

versus h plot.
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2.2 Experimental procedures

The SUS 316, Fe-30Ni, IF, and Fe-0.4C steels were chosen to investigate the
mechanical behaviors of three typical microstructures, such as austenite, ferrite, and
tempered martensite, and the chemical compositions were listed in Table 2.1. Among
them, the Fe-30Ni and IF steels were also used to study the effect of grain boundary in

the single phase.

Table 2.1 Chemical composition in mass%.

Noted Fe C Cr Ni Mn Si
SUS 316 Balanced 0.05 17.60 11.19 1.74 0.74
Fe-30Ni Balanced - 0.01 29.39 0.80 -

IF Balanced 0.0017 - - 0.147 0.022
Fe-0.4C Balanced 0.40 - <0.01 <0.01 <0.01

The SUS 316 steel was solution-treated at 1323 K for 4.8 ks followed by water
cooling (virgin state), and then annealed at 973 K for 0.36 ks in an argon gas atmosphere
then quenched in room temperature (293 K) to fix the aged microstructure. The Fe-
30N steel was solution-treated at 1473 K for 10.8 ks followed by cooling down to 293
K in Ar gas flow. Subsequently, the Fe-30Ni sample was cold-rolled with a reduction
of 68% and then annealed at 1073 K for 1.8 ks under vacuum to obtain the stable
austenite phase. The IF steel was hot-rolled at 1213 K and then cooled in a furnace. The
Fe-0.4C steel was austenitized at 1323 K for 0.9 ks, followed by ice-brine quenched,
and then tempered at 473 K for 5.4 ks. The surfaces of SUS 316, IF, and Fe-0.4C
samples for nanoindentation tests were finished by mechanically grinded, and
subsequently electrolytic polished in a solution of 8 vol% perchloric acid, 60 vol% ethyl
alcohol, 10 vol% butyl cellosolve, and 22 vol% distilled water under a voltage of 40 V

to remove the damaged layer. Also, the surface of Fe-30Ni sample was polished in a
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solution of 8 vol% perchloric acid, 73 vol% ethyl alcohol, 10 vol% butyl cellosolve,

and 9 vol% distilled water under a voltage of 50 V.

Nanoindentation tests were carried out using a Hysitron TI 950 Triboindenter
equipped with a Berkovich indenter, and the tip truncation was calibrated using a
reference specimen of fused silica. All the nanoindentation tests were performed under
a load-control condition with constant loading and unloading rate of the indenter, set at
50 uN/s with a holding segment of 10 s. The Oliver and Pharr method [34] was
performed to analyze for the tip calibration and the hardness calculation. The probed
sites and the indenter configurations on the sample surfaces were observed by the

scanning probe microscopy (SPM) before and after the nanoindentation tests.

2.3 Results and discussion

2.3.1 Nanoindentation behaviors in Fe alloys

The nanoindentation tests were respectively carried out for stable austenite in the
SUS 316 and the Fe-30Ni, ferrite in the IF, and tempered martensite in the Fe-0.4C to
measure the nanohardness and examine the mechanical behaviors. The P versus 4
curves and the corresponding loading segment of P/h versus 4 plots are shown in Fig.
2.6. The P/h versus h plots of the four samples show almost constant values of the slope
a in the plastic deformation stage for each plot, which suggests that a single deformation
mode dominates the behavior during the plastic deformation. The data obtained from
the Fe-0.4C indicate that the nanoindentation curve is sensitive for fine and complicated
microstructure of tempered lath martensite, such as inside lath, lath boundary, and block
boundary. Furthermore, the results of the nanohardness H, of the three typical

microstructures show a decreasing trend: tempered martensite> stable austenite> ferrite.
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Figure 2.6 The P versus & curves and the corresponding loading segment of P/h versus i plots of
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2.3.2 Arelation between the slope a and the nanohardness H,

Figure 2.7 is the relation between the slope a of the loading segment of the P/h
versus / plot and the nanohardness H, for stable austenite in the SUS 316 and the Fe-
30Ni, ferrite in the IF, and tempered martensite in the Fe-0.4C. The data show that the
slope a proportionally increases as the nanohardness H, for the four Fe alloys, which is
in concordance with the derived equation. This relation has also been substantiated in
other alloys [37]. Although the scattering data are shown in the Fe-0.4C, it is
presumably due to the fine and complicated microstructure of tempered lath martensite.
As the nanohardness of materials is associated with the deformation mechanisms, the
slope a should be forcefully affected by the plastic deformation mechanisms. The slope
a values for stable austenite, ferrite, and tempered martensite hold almost constant,
which indicates the single deformation mechanism, which is presumably corresponding
to dislocation glide motion in this case, dominates the plastic behavior during loading.
In addition, the austenite phase in the SUS 316 and the Fe-30Ni is speculated to be more

stable against the indentation-induced martensitic transformation.
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Figure 2.7 The relation between the slope a values of the loading segment of the P/h versus / plots
and the nanohardness H,.
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As mentioned above, the slope a in a loading segment of the P/Ah versus A plot
exhibits a proportional relation with the nanohardness H,. It is believed that the slope a
changes when different deformation modes operate during the plastic deformation. The
new evaluation method using the P/h versus & plot is suitable and powerful to assess

the mechanical stability of metastable austenite in chapters 3 and 4.

2.3.3 Effect of grain boundary on mechanical behaviors of ferrite

and stable austenite

In order to confirm the effects of grain boundary of ferrite and stable austenite on
their mechanical behaviors, nanoindentation tests were performed at grain interior and
in the vicinity of grain boundary of ferrite phase in the IF and stable austenite phase in
the Fe-30Ni, respectively, in which about 15 data points were collected for each position.
Figure 2.8 shows SPM images taken after the nanoindentation tests showing the
indentation marks at grain interior (GI) and in the vicinity of grain boundary (GB),
where Figs. 2.8(a) and 2.8(b) are for the IF, and Figs. 2.8(c) and 2.8(d) are for the Fe-
30Ni.

Figure 2.9 shows the average values of the slope a at grain interior and the vicinity
of grain boundary for the IF and the Fe-30Ni samples. The difference in the average
values of the slope a between the vicinity of grain boundary and the grain interior,
referred to Aa (Aa=aGaverage-AGiaverage), is 0.002 uN/nm? for ferrite and 0.004 uN/nm?
for stable austenite, respectively. In the plot, the error bars are calculated by the standard
deviation for total data. Interestingly, the Aa value is not remarkable for ferrite and
stable austenite. As mentioned in section 2.3.2, the slope a value strongly corresponds
to the nanohardness, which is associated with deformation mechanisms. It suggests that
the deformation behavior for grain interior and the vicinity of grain boundary is
presumably to be similar. That’s to say, the grain boundary has comparatively lower
resistance to the dislocation-grain boundary interaction for ferrite and stable austenite.

The effect of grain boundary on the mechanical behavior of stable austenite will be
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compared with that of metastable austenite in the Fe-27Ni described in section 3.3.2.

Figure 2.8 SPM images taken after the nanoindentation tests showing the indentation marks at
grain interior and the vicinity of grain boundary. (a), (b) The IF sample, and (c), (d) the Fe-30Ni

sample. Here, GI indicates grain interior, and GB indicates the vicinity of grain boundary.
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Figure 2.9 The average values of the slope a at grain interior and the vicinity of grain boundary

for the IF and the Fe-30Ni samples.
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2.4 Conclusions

The three typical microstructures in the Fe alloys (SUS 316, Fe-30Ni, IF, and Fe-

0.4C) were carried out to investigate the deformation behaviors using nanoindentation.

(1) An effective and powerful evaluation method using the P/A versus 4 plot

is described to characterize the mechanical behaviors in Fe alloys.

(2) The linear relation between the slope a of the loading segment of the P/A
versus 4 plot and the nanohardness H, is estimated. The slope a increases proportionally
as the nanohardness H,, which is strongly affected by the plastic deformation

mechanisms.

(3) The constraint by grain boundary to the dislocation-grain boundary

interaction is not remarkable for ferrite and stable austenite phases.
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Chapter 3 Effect of grain boundary on mechanical stability

of metastable austenite

3.1 Introduction

As mentioned in chapter 1, austenite phase possesses higher mechanical stability
with higher carbon content [1-4]. In TRIP-aided steels, the carbon atoms diffuse to
austenite phase from the adjacent martensite during the quenching and tempering or
partitioning treatments [5-7]. Moreover, the carbon atoms should be trapped by the
dislocations near grain boundary inside the austenite grain. Thus, the carbon content
decreases with increasing the distance from the grain boundary in a retained austenite
grain resulting from an inhomogeneous distribution of carbon. There are a few reports
on the mechanical stability of austenite phase; however, most of them deal with
multiphase (including austenite, and martensite or ferrite) steels. In this sense of the
complex effects of grain boundary constraint and carbon content, it is essential to study
the mechanical behavior of single austenite phase without carbon, and understand the
dependence of grain boundary on the mechanical stability since the grain size plays a

crucial role [8-12].

The position of the indentation marks in the vicinity of grain boundary should be
considered based on plastic zone. The size of plastic zone underneath an indentation
mark is expectation that the strain field should be reflected by the contact area. Johnson
spherical cavity model gives a direct relationship between the plastic zone radius 7.,

and the contact radius 7. [13], expressed as

1
Tpz [ E*tanf | 2 (1—21;)]5
= | —=+= (3.1)

Tc 60y(1-v) 3\ 1-v

where g, is the uniaxial yield strength, and the angle £ is that between the indenter flank
and the surface. The r,. /r. ratio, referred to the factor f, is implied within the limits of
the analysis for a given indenter shape and material [14-17]. The plastic zone radius 7-

is larger than the contact radius 7. and the factor f> 1 for most metallic materials [18].
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Figure 3.1 is a schematic illustration of the plastic zone around an indentation mark.
Furthermore, the experiments and finite element simulations of the indentation process
were performed using a Berkovich indenter, showing a reasonably good fit given by f
=2.2 [19]. Here, it should be noted that the actual size of the plastic zone varies for

different materials.

1)
I l Indenter

Figure 3.1 Schematic illustration showing the relationship between the radii of the plastic zone and

the contact area.

To address these questions, nanoindentation combined with microstructural
characterization using electron backscattered diffraction (EBSD) and transmission
electron microscopy (TEM) is employed to investigate the effect of the austenite grain
boundary, as well as the y/o' interface, on the mechanical stability of austenite phase.
The constraint by the austenite grain boundary on stress-induced martensitic

transformation is discussed.
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3.2 Experimental procedures

Fe-27Ni and Fe-30Ni steels were used in this chapter, and the chemical

composition was presented in Table 3.1.

Table 3.1 Chemical composition in mass%.

Noted Fe C Cr Ni Mn Si
Fe-27Ni Balanced 0.07 0.01 27.41 0.79 -
Fe-30N1 Balanced - 0.01 29.39 0.80 -

The Fe-27Ni and Fe-30Ni samples were solution-treated at 1473 K for 10.8 ks
followed by cooling down to room temperature (293 K) in Ar gas flow. The Fe-27Ni
samples consisted of above 98% austenite phase at room temperature, hereafter noted
as sample Fe-27Ni-H. The M; of the Fe-27Ni is approximately 272 K, which is
calculated by Eq. 1.1 [20]. A portion of the Fe-27Ni samples was subjected to be
subzero-treated at 243 K for 0.18 ks in the ethanol solution, using liquid nitrogen to
keep temperature. Butterfly and lenticular martensite with a straight y/a' interface were
formed in the subzero-treated samples, referred to sample Fe-27Ni-S. The Fe-30Ni
samples were cold-rolled with a reduction of 68% and then annealed at 1073 K for 1.8
ks under vacuum to obtain the stable austenite phase. The sample surfaces were
prepared by mechanical grinding and finished by electrolytic polishing using the
solution of 8 vol% perchloric acid, 73 vol% ethyl alcohol, 10 vol% butyl cellosolve,
and 9 vol% distilled water under a voltage of 45 V at external cooling to remove the
damaged layer. The microstructure characterization was conducted before
nanoindentation tests, and the positions of indentation marks were confirmed after
nanoindentation tests using a JEOL JSM-7000F field emission scanning electron
microscopy (FESEM) equipped with a TSL detector for electron backscattered

diffraction (EBSD) mapping, which was operated at an accelerating voltage of 20 kV
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with a tilt angle of 70°. The scanning step size of 0.2~10 um was used for EBSD
mapping. Nanoindentation tests were carried out using a Hysitron TT 950 Triboindenter
equipped with a Berkovich indenter, and the tip truncation was calibrated using a
reference specimen of fused silica. Nanoindentation tests were performed at different
positions of austenite and martensite in the mapped area. All the nanoindentation tests
were set at a constant loading and unloading rate of 50 uN/s with a holding segment of
10 s under a load-control condition. Analyses for the tip calibration and the calculation
of hardness were conducted using the Oliver and Pharr method [21]. The sample
preparation for TEM observations of the cross-sectional view containing the
indentation marks was carried out using a focused ion beam (FIB) milling. FIB milling
was carried out using JEOL JEM-9320FIB and JIB-4000 with bulk-specimen holder
and TEM-compatible holder, respectively operating at accelerating voltage of 5 kV, 10
kV, 30 kV. The surface was protected by carbon deposition to avoid any damage of the
indentation mark area. After lift-out the sliced sample, it was fixed to a nano mesh in
such a way. Then, the TEM sample was thinned from both sides to be ~100 nm in
thickness. TEM observations were performed using a JEOL JEM-2100, which was
operated at 200 kV.

3.3 Results

3.3.1 Mechanical behaviors of austenite and martensite

Figure 3.2(a) is phase map of the Fe-27Ni-S sample consisting of austenite and
martensite that includes lenticular and butterfly martensite, presented in red and green,
and the corresponding IQ map is shown in Fig. 3.2(b), respectively. Figs. 3.2(c), (d) and
(e), (f) similarly show the microstructures in the Fe-30Ni and Fe-27Ni-H samples

consisting of above 98% austenite, respectively.
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Figure 3.2 (a), (c), (e) Phase maps and (b), (d), (f) IQ maps showing the microstructures in the (a),
(b) Fe-27Ni-S, (¢), (d) Fe-30Ni, and (e), (f) Fe-27Ni-H samples.
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Figure 3.3(a) shows the typical P versus / curves that obtained individually for
butterfly martensite in the Fe-27Ni-S, stable austenite in the Fe-30Ni and metastable
austenite in the Fe-27Ni-H by nanoindentation tests with a peak load of 2000 pN. It is
noted that the nanohardness is significantly higher for the martensite than that for the
austenite. As mentioned in chapter 2, the P versus / curve is converted to the P/h versus
h plot to quantitatively evaluate the value of key parameter a in the loading process.
Figures 3.3(b), 3.3(c) and 3.3(d) show the corresponding loading segment of P/A versus
h plots for butterfly martensite, stable austenite, and metastable austenite, respectively.
The slope values for the martensite in the Fe-27Ni-S and the stable austenite in the Fe-
30N1 hold almost constant suggesting a single deformation mode during the plastic
deformation, whereas the metastable austenite phase in the Fe-27Ni-H shows a knick
at a middle of loading segment around / ~ 70 nm, suggesting double stages with a low
value of the slope « in stage I and a higher value in stage II. It should be noted that the
slope a value of stage II (0.035 uN/nm?) in the Fe-27Ni-H is relatively close to that of
the martensite (0.041 uN/nm?). As described above, the slope a is associated with
plastic deformation mechanisms, thus, the change in slope a should be the consequence
of'a change in the dominant deformation mode. For metastable austenite in the Fe-27Ni-
H, stage I is presumably governed by indentation-induced martensitic transformation,

and then followed by dislocation motion in the transformed martensite in stage II.
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Figure 3.3 (a) Typical P versus & curves for martensite (green) in the Fe-27Ni-S, stable austenite
(black) in the Fe-30Ni, and metastable austenite (red) in the Fe-27Ni-H. The corresponding loading
segment of P/h versus & plots for (b) the martensite in the Fe-27Ni-S, (c) the austenite phase in the
Fe-30Ni, and (d) the metastable austenite phase in the Fe-27Ni-H.

3.3.2 Effect of grain boundary and y/a' interface on mechanical

stability of metastable austenite

Nanoindentation tests were respectively performed at the different positions in the
austenite grains, such as grain interior and the vicinity of grain boundary in the Fe-
27Ni-H and the vicinity of y/a' interface in the Fe-27Ni-S with a peak load of 2000 pN.
EBSD measurements were taken after the nanoindentation tests. Figures 3.4(a) and
3.4(c) are phase maps respectively obtained from the Fe-27Ni-H and Fe-27Ni-S, here,
red indicates austenite and green indicates martensite. Figures 3.4(b) and 3.4(d) are the
corresponding IQ maps. The phase and IQ maps show the indentation marks penetrated

respectively at grain interior, the vicinity of grain boundary, and y/a' interface that are
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outlined by the pink, orange, and blue circles and arrows in the IQ maps. The distance
of all indentation marks from grain boundary and y/a' interface are smaller than 2 pum,
in which the boundaries are presumably within the plastic zone. Besides, the
indentation-transformed martensite cannot be detected in the regions surrounding the
indentation marks in the phase maps even though under high magnification. Therefore,
the observations on the microstructure around the indentation marks will be carried out

using TEM in a cross-sectional view, which are shown in section 3.3.3.

Figure 3.4 Phase and IQ maps obtained after the nanoindentation tests for the different positions.
(a), (b) Grain interior and the vicinity of grain boundary respectively outlined by the pink and
orange circles and arrows in the Fe-27Ni-H, and (c), (d) the vicinity of the y/a' interface outlined
by the blue circle and arrow in the Fe-27Ni-S. Austenite and martensite respectively presented in

red and green.

The converted loading segment of P/h versus 4 plots for the grain interior, the
vicinity of grain boundary in the Fe-27Ni-H and the vicinity of y/a' interface in the Fe-
27Ni-S are demonstrated in Fig. 3.5. All the three P/h versus /4 plots show a knick point
in the middle of the plastic deformation, suggesting double stages with a low value of
the slope a in stage I and a higher value in stage II. The knick point during the plastic
deformation can be defined as the transition load P; or depth /4,. Compared to the three
plots, it is found that the values of the slope a in stage I and the transition load P; are

highest in the vicinity of the y/a' interface.
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Figure 3.5 The loading segment of P/h versus & plots for the different positions. (a) Austenite grain
interior in the Fe-27Ni-H, (b) the vicinity of austenite grain boundary in the Fe-27Ni-H, (c) the
vicinity of y/a' interface in the Fe-27Ni-S. All the plots exhibit the two stages of I (yellow) and II

(green).
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To reach a reliable conclusion, about 50 data points were obtained for each position.
Figure 3.6(a) is the average values of the slope a in stage I and the transition load P; for
the three different positions, respectively. The results show a tendency that the average
values of the slope a in stage I and the transition load P; become lower at the vicinity
of the y/o' interface, the austenite grain boundary, and the austenite grain interior in turn.
In addition, the difference in the average slope a value between the vicinity of grain
boundary and the grain interior is 0.012 uN/nm? for metastable austenite in the Fe-
27Ni-H, which is much higher than ferrite (Aa: 0.002 uN/nm?) and stable austenite (Aa:
0.004 pN/nm?) as shown in Fig. 2.9. Moreover, the difference in the average slope a
value is relatively higher for the y/a' interface. Figures 3.6(b) and 3.6(c) are the plots of
the slope a in stage I and the transition load P; as a function of the distance D¢p of the
center of the indentation mark from the austenite grain boundary. The values of the
slope a in stage I and the transition load P; decrease with increasing the distance Dgs.
More specially in Fig. 3.6(c), the extrapolation of the three fitting lines for the transition
load P; crosses at the same Dgg, which is equal to the average value of the transition
load P; for the austenite grain interior (the black solid diamond in Fig. 3.6(c), which is
obtained from Fig. 3.6(a)). The results suggest that the closer to the austenite grain
boundary exhibits higher resistance to stress-induced martensitic transformation.
Although the scattering data are shown in the plot of the slope a in stage I, it is
presumably due to different angle of grain boundary and orientation of the neighboring

grains.
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Figure 3.6 (a) The average values of the slope a in stage I and the transition load P: at the different
positions. (b) The slope a in stage I and (c) the transition load P; plotted as a function of the distance

of the indentation marks from austenite grain boundary Dg¢s.
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The average value of the slope a in stage II, which corresponds to the indentation-
transformed martensite in the Fe-27Ni-H, is lower than that of the subzero-quenched
martensite (butterfly martensite) in the Fe-27Ni-S as shown in Fig. 3.7(a). Furthermore,
the slope a values of butterfly martensite in the Fe-27Ni-S tend to two different values.
One is around 0.04 uN/nm?, which is believed to be the untwinned region of the
butterfly martensite. The other is a range approximately from 0.06 to 0.09 pN/nm?,
which should be the twinned region. Besides, the average nanohardness of the twinned
region (H,=3.90 GPa) is higher than that of the untwinned region (H,=3.01 GPa) due
to the different substructures, which is the same with the previous paper reported in the
lenticular martensite in Fe-33Ni [22]. Figure 3.7(b) is SPM image showing the
indentation marks in the untwinned and twinned regions respectively outlined by the
blue and pink dashed circles penetrated inside the butterfly martensite in the Fe-27Ni-
S. The schematic illustration in Fig. 3.7(c) shows the substructures of the butterfly
martensite in the Fe-27Ni-S, which include twinned region (the region normally near
the outer surface), and the untwined region (the region normally near the inner surface)
consisting of a high density of dislocations. Sometimes, the indentation mark at the
region near the outer surface indicated by the blue arrow in Fig. 3.7(b) is distinguished
as one in the untwined region, which is dependent on the nanohardness H,. It is
presumably due to the density of twins at the outer surface, however, it is difficult to

check through the SPM image.
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Figure 3.7 (a) The plot of the slope a values for the indentation-transformed martensite in the Fe-
27Ni-H and the subzero-quenched martensite (butterfly martensite) in the Fe-27Ni-S; (b) SPM
image of the indentation marks in the untwinned and twinned regions respectively outlined by the
blue and pink dashed circles penetrated inside the butterfly martensite; (c) schematic illustration

of the substructures of the butterfly martensite.
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3.3.3 TEM observation of the microstructures underneath the

indentation marks

The internal stresses are induced by martensitic transformation during the subzero
treatment, and then high local internal stresses are relaxed by the generation of
dislocations in the austenite phase, and dislocation density is believed to be higher in
the vicinity of the y/a' interface than grain interior. Therefore, the dislocation density
may bring the additional influential factor in this study. This is why the austenite grain
boundary is firstly chosen for subsequent TEM observations to make clear the boundary
effect on the mechanical stability of austenite phase although the highest resistance to

stress-induced martensitic transformation exists in the vicinity of the y/a' interface.

Figures 3.8(a) and (b) show the phase and IQ maps of an austenite grain in the Fe-
27Ni-H sample, in which the austenite and martensite are respectively shown in red and
green. Figure 3.8(c) is the frame of the SEM image corresponding the region of the
black dashed rectangle shown in Fig. 3.8(b), which is taken after the nanoindentation
test with a peak load of 1000 puN, showing the indentation mark penetrated in the
vicinity of the austenite grain boundary. Figure 3.8(d) is the SPM image of the
indentation mark. It is subsequently employed for TEM observation of the
microstructure underneath the indentation mark. The position of the sliced sample and
the plastic zone are respectively indicated by the black dashed rectangle and the green
dashed circle in Fig. 3.8(d). The radius of plastic zone ;. highlighted by a green dashed
arrow 1s evaluated by the relationship [13-17] of the factor ftimes the contact radius .
highlighted by the red solid arrow, herein, the /=2.2 for a Berkovich indenter [19]
employed in this work. The corresponding P versus / curve and converted loading
segment of P/h versus /4 plot are shown in Figs. 3.8(e) and 3.8(f), respectively. The P/h
versus 4 plot shows the end of stage I or approximation at the maximum applied load
since the slope a value in the plot is nearly equal to the average slope a value in stage I

of the austenite grain boundary shown in Fig. 3.6(a).
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Figure 3.8 (a) Phase and (b) IQ maps of an austenite grain in the Fe-27Ni-H sample, and the
austenite and martensite respectively shown in red and green. (¢) The frame of SEM image
corresponding the region of the black dashed rectangle in (b), taken after the nanoindentation test
with a peak load of 1000 pN. (d) SPM image of the indentation mark. The position of FIB milling
outlined by the black dashed rectangle, subsequently employed for TEM observations of the
microstructures underneath the indentation mark. The plastic zone outlined by the green dashed
circle. (e) The corresponding P versus / curve and (f) loading segment of P/ versus h plot.
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Figure 3.9(a) is TEM bright-field (BF) image of a cross-sectional view of the
microstructure underneath the indentation mark, where the austenite grain boundary is
evidently shown. Figure 3.9(b) is the selected area electron diffraction (SAED) pattern
obtained from the selected region outlined by the white dashed circle shown in Fig.
3.9(a). Figure 3.9(c) is the dark-field (DF) image taken from the bcc (1-10) spot in Fig.
3.9(b). The SAED pattern in Fig. 3.9(b) indicates that the microstructure consists of
two different lattice structures of the transformed martensite (bcc) and the original
austenite (fcc). Another possibility is that the weak spots are originated from some kinds
of iron-nickel oxide like (FeNi)xOx. For a double-checking, both the cross-sectional
surface of this sample was re-polished a little bit by FIB milling. The double-checked
result of the diffraction pattern taken from the same selected region is shown in Fig.
3.9(d), which is the same as the previous diffraction pattern as shown in Fig. 3.9(b).
Furthermore, the measured d-spacing of bee {-110} and fcc {220} is nearly equal to the
theoretical d-spacing of bcc and fcc structures respectively. Therefore, it can be
concluded that the the lattice structures consist of bee and fec, which are recognized as
o' and y respectively. Figure 3.9(e) represents schematic illustration of the diffraction
pattern for bee [110] and fce [111] lattice structures respectively indicated by the green
and red spots that corresponds to the SAED pattern in Fig. 3.9(b). The result of analysis
in the SAED pattern clarifies that the relation between these two patterns satisfies with
the K-S orientation relation. The results suggest that the microstructure underneath the
indentation mark is a mixture of the indentation-transformed martensite and the original
austenite. Besides, no martensite is found to produce at the left side of grain boundary
in the adjacent grain. Figure 3.9(f) is a schematic illustration of the microstructure

underneath the indentation mark.
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Figure 3.9 (a) TEM bright-field image of a cross-sectional view of the microstructure below the
indentation mark. (b) The selected area electron diffraction (SAED) pattern obtained from the
region outlined by the white dashed circle as shown in (a). (¢c) The frame of dark-field image taken
from bee (1-10), corresponding to the region of the black dashed rectangle shown in (a). (d) The
double-checked SAED pattern obtained from the same selected region in (a) for the re-polished by
FIB. (e) Schematic illustration of the SAED pattern, in which the green and red spots indicate bce
[110] and fec [111] lattice structures, respectively, and the relation satisfies with the K-S orientation.

(f) Schematic illustration of the microstructure underneath the indentation mark.
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The microstructural characterization by TEM is also carried out for another
indentation mark in the different austenite grain to make sure that the indentation-
induced martensitic transformation occurs in stage I during the loading process. Figure
3.10(a) is phase, 1Q and IPF maps of austenite grains in the Fe-27Ni-H obtained by
SEM-EBSD, where the austenite is shown in red. The nanoindentation position in the
vicinity of an austenite grain boundary is indicated by the black arrow in the IPF map.
Figures 3.10(b) and 3.10(c) are SPM images taken after the nanoindentation test with a
peak load of 500 uN, showing the indentation mark in the vicinity of the austenite grain
boundary. The position of FIB milling is outlined by the black dashed rectangle in the
SPM images, in which the sliced sample is subsequently employed for TEM
observations. Figures 3.10(d) and 3.10(e) are the corresponding P versus / curve and
loading segment of P/h versus h plot, respectively. The applied load is ceased at 500
uN, which is lower than the average value of the transition load P; therefore the

microstructure presumably corresponds to the stage I for metastable austenite.
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Figure 3.10 (a) Phase, IQ and IPF maps of austenite in the Fe-27Ni-H sample obtained by SEM-
EBSD, where the austenite shown in red and the position of the indentation mark penetrated in
the vicinity of the austenite grain boundary indicated by the black arrow in the IPF map. (b) and
(c) SPM images taken after the nanoindentation test with a peak load of 500 pN, showing the
indentation mark penetrated in the vicinity of the austenite grain boundary. The position of FIB
milling is outlined by the black dashed rectangle in the SPM images. (d) and (e) The corresponding

Pversus h curve and loading segment of P/h versus h plot.

70



Figure 3.11(a) shows TEM BF image of a cross-sectional view of the
microstructure underneath the indentation mark. Figure 3.11(b) is SAED pattern
obtained from the region 1 outlined by the white dashed circle shown in Fig. 3.11(a).
The schematic illustration of the SAED pattern is presented in Fig 3.11(c), which is also
overlapped on Fig. 3.11(b). The SAED pattern for the region 1 consists of bee [112]
lattice structure (a') and fcc [10-1] lattice structure (y) which are indicated by the green
and red spots, respectively in Fig. 3.11(c), and their orientation relation is in
concordance with the N-W orientation relation. Moreover, the measured d-spacing of
bee {-110} and fce {220} is respectively equivalent to their theoretical d-spacing values.
Figure 3.11(d) is DF image taken from the bce (0-11) spot that is indicated by the green
arrow in Fig. 3.11(b). The results suggest that the microstructure of the region 1 is a
mixture of the indentation-transformed martensite and the original austenite.
Furthermore, Fig. 3.11(e) shows the SAED pattern of fcc [135] zone axis for the region
2 outlined by the white dashed circle in Fig. 3.11(a), and Fig. 3.11(f) represents the
corresponding DF image taken from the fcc (2-42) spot, respectively. The region 2 in
Fig. 3.11(a) only exhibits the austenite phase. Figure 3.11(g) is a schematic illustration
of the microstructure underneath the indentation mark. The indentation-transformed

martensite is not detected in the adjacent grain in the right-upper corner on the image.
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Figure 3.11 (a) TEM BF image showing a cross-sectional view of the microstructure underneath
the indentation mark. (b) SAED pattern obtained from the region 1 outlined by the white dashed
circle in (a). (¢) Schematic illustration of the SAED pattern of (b), where green and red spots
respectively indicate bee [112] and fee [10-1] lattice structures. (d) DF image taken from bee (0-11).
(e) SAED pattern of fcc [135] for the region 2 outlined by the white dashed circle in (a). (f) DF
image taken from fcc (2-42). (g) Schematic illustration of the microstructure underneath the

indentation mark.
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The presence of the transformed martensite underneath the indentation marks in
both austenite grains in Figs. 3.9 and 3.11 suggests that the indentation-induced
martensitic transformation occurs in stage I of the P/A versus /4 plot during the loading
process. Additionally, there is no martensite formed at the region close to grain
boundary in the adjacent austenite grain, which indicates that the constraint by austenite
grain boundary acts like strong wall to suppress the volume expansion of martensitic

transformation during nanoindentation.

3.4 Discussion

As mentioned in chapter 2, the slope a in the P/h versus h plot is correlated to
plastic deformation behaviors. For the metastable austenite phase in the Fe-27Ni-H, the
presence of the transformed martensite underneath the indentation mark, in which
nanoindentation behavior is related to stage I in the P/h versus & plot, definitively
corroborates that stress-induced martensitic transformation occurs in stage I. Therefore,
the change in the slope a in the plastic deformation segment of the P/A versus /4 plot is
believed to be the consequence of a change in the dominant deformation mode, where
the stage I with the low flow stress is dominated by the stress-induced martensitic
transformation and the stage II with higher flow stress is governed by a dislocation glide
motion in the transformed martensite. This is presumed based on the nanoindentation

behaviors and the microstructural characterizations.

In addition, the nanoindentation result for the martensite in the Fe-27Ni-S
demonstrates a single stage during the plastic deformation, which is related to slip
deformation of dislocations. Moreover, the austenite phase in the Fe-30Ni is stable
against the stress-induced martensitic transformation, and thus merely holds dislocation

motion mode during the plastic deformation.

The nanoindentation results indicate that the average values of the slope a in stage

I and the transition load P; in the vicinity of the austenite grain boundary and the y/a!
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interface are higher than that at the austenite grain interior, which suggests that the
resistance by the austenite grain boundary and y/a' interface against stress-induced
martensitic transformation is higher than grain interior. More specially, in the case of
grain boundary, the values of the slope a in stage I and the transition load P; show a
tendency, which decrease with increasing the distance Dgp. It suggests that the
constraint by the austenite grain boundary against martensitic transformation stabilizes
austenite grain, which is in agreement with the TEM observations that stress-induced
martensitic transformation with volume expansion is inhibited by the austenite grain

boundary.

Grain boundary and y/o' interface have the constraint effect on martensitic
transformation, which may improve macroscopic mechanical properties in another
mechanism of strain hardening. One conventional consented mechanism for strain
hardening effect in the TRIP-aided steels is caused by the formation of a transformed
martensite that is harder than an austenite, which is based on rule of mixture. In addition
to the strain hardening effect, another mechanism may take place at the grain
boundaries to make strain hardening as well. When the martensitic transformation
initiates at a certain stress, the transformation is terminated at a grain boundary due to
the constraint effect. At subsequent straining, a higher stress is required for another
transformation to happen at a different site. Eventually, the stress gradually increases
when the transformation reaches to completion in a whole sample, meaning a
significant strain hardening in macroscopic scale. We may have a grain size effect on
the strain hardening effect based on the idea. Assuming that there are two samples with
the same volume fraction of austenite phase but different grain size, if a first event of
transformation occurs at the same stress in the two samples, the volume of the
transformed martensite is higher in the coarse grain than in the fine grain because
transformation expands easier in the larger grain interior. A subsequent transformation
should occur at a higher stress level as described above, and another larger volume of
martensite is formed in the larger austenite again. After several steps of the events,

whole volume of the austenite transforms into martensite. Since the fine grain has more
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grain boundaries than the coarse grain does, the sample with the fine grains goes
through several steps to complete the transformation in the whole volume at higher
stress level whereas it completes at a lower stress in the coarse grain sample, which
leads to increase in flow stress in the fine grain size. Therefore, finer austenite grain

size makes presumably a higher effect on strain hardening.

The average value of the slope a at grain interior is lower in stage I of the Fe-27Ni-
H than that in plastic deformation segment of the Fe-30Ni, suggesting that a critical
stress for the martensitic transformation in the Fe-27Ni-H is lower than that for the
dislocation glide in the Fe-30Ni. Additionally, the difference in the average values of
the slope a between the vicinity of grain boundary and grain interior in the Fe-27Ni-H
is higher than that in the Fe-30Ni, indicating that the grain boundary has significant
resistance to the stress-induced martensitic transformation in the metastable austenite

rather than that to the dislocation-grain boundary interaction in the stable austenite.

The TEM observations of the microstructure underneath the indentation marks
show a mixture of the indentation-transformed martensite and the original austenite.
Therefore, the measured nanohardness in stage II presumably includes the hardness of
the two phases. Since the hardness of the austenite phase is lower than the martensite
as shown in Fig. 3.3(a), the slope a of stage II in the Fe-27Ni-H is slightly lower than
that of the untwinned region of butterfly martensite in the Fe-27Ni-S as shown in Fig.

3.7(a).

The autocatalytic effect of martensitic transformation is that a grown martensite
can trigger other neighboring unstable martensitic embryos to become stable nuclei for
further nucleation and growth during an on-going process. The internal stresses
generated by an original martensite are relaxed by the formation of the secondary
martensite. However, in the case of the Fe-27Ni-S, the martensite is formed during the
subzero-quenched process, the internal stresses have already been relaxed by the
generation of dislocations at the y/o' interface. Therefore, the indentation-induced
martensitic transformation in the austenite grain near the pre-transformed martensite is

a different case compared with the autocatalysis of martensitic transformation during
75



an on-going process. In the present study, the values of the slope a in stage I and the
transition load P; are higher for the y/a' interface than the y/y boundary, which means
that the mechanical stability is higher for austenite near the y/a' interface than that near
the y/y boundary. Since the slope a value of subzero-quenched martensite in the Fe-
27Ni-S is relatively higher than that of austenite as shown in Fig. 3.3. The constraint
effect which is from the surrounded martensite is stronger than that from the surrounded

austenite.

The conflicting effects of grain size on austenite mechanical stability during tensile
deformation are described in section 1.3, where one indicates that the mechanical
stability increases with decreasing austenite grain size, and another demonstrates that
the mechanical stability is independent on austenite grain size. However, the present
results of grain boundary on the mechanical stability show a clear decreasing trend
inversely as the distance Dgp. It is presumably due to different stress distributions
existed in nanoindentation and tensile deformation. The distribution of the applied
stress during tensile deformation is homogeneous in the austenite grain, thus, the
applied stress at grain boundary may initiate martensitic transformation because the
grain boundary is one of the favorable and suitable nuclei for martensitic transformation.
Sometimes, the competitive mechanisms take place at grain boundary, initiating or
retarding the transformation. Whereas, the stress distribution during nanoindentation is
different for grain interior and the vicinity of grain boundary. At grain interior,
martensitic transformation occurs and grows without limitation. In the vicinity of grain
boundary, the transformation also occurs at grain interior, but the volume expansion of
the martensite is inhibited by grain boundary, thus, the grain boundary plays a role in
suppressing the transformation only. The nanoindentation results in this study
individually demonstrate the constraint effect of grain boundary on the mechanical

stability, in which the mechanical stability increases inversely as the distance Dgs.
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3.5 Conclusions

The investigation on the effect of grain boundary on the mechanical stability of
individual austenite grains in the Fe-27Ni steel was performed using a combination of
nanoindentation, SEM/EBSD, and TEM. From the obtained results, the following

conclusions can be drawn.

(1) The martensite in the Fe-27Ni-S and the stable austenite in the Fe-30Ni
exhibit a single plastic deformation stage during the loading process in the P/h versus
h plots, corresponding to the slip deformation. Whereas, the metastable austenite in the
Fe-27Ni-H shows double plastic deformation stages, where the stage I is dominated by
stress-induced martensitic transformation, and the stage II is governed by a dislocation

glide motion in the transformed martensite.

(2) The P/h versus h plots hold higher flow stress in stage I with a higher
transition load P; for the y/a' interface and the austenite grain boundary than those for
the austenite grain interior. Moreover, the transition load P; increases inversely as the
distance from the y/a' interface_and grain boundary. It suggests that grain boundary
actively inhibits stress-induced martensitic transformation, resulting in high mechanical

stability of metastable austenite.

(3) The indentation-transformed martensite underneath the indentation mark
in austenite grains is observed in TEM micrographs, which confirms that the stress-
induced martensitic transformation dominates the behavior in stage I during the loading
process. There is no martensite formed at the region close to grain boundary in the
adjacent austenite grain, which indicates that the grain boundary suppresses the
martensitic transformation. The microstructural characterizations are in agreement with

the results of the mechanical behaviors obtained by nanoindentation.
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Chapter 4 Mechanical behavior of individual metastable

retained austenite grains

4.1 Introduction

Steel must satisfy certain parameters relating to both strength and formability;
however, a trade-off relationship exists between the two. Previous studies [1-6] have
suggested that retained austenite transforms into martensite during the plastic
deformation, resulting in high strength and large elongation caused by the
transformation-induced plasticity (TRIP) effect which is influenced by the stability of
austenite phase. In conclusion, the factors, such as the chemical composition, the grain
size, the grain geometrical shape, the crystallographic orientation, and the phase
surrounding austenite have the effect on the mechanical stability of retained austenite.
The contents of elements, such as carbon, silicon, and aluminum, have been
corroborated to affect the mechanical stability of retained austenite [7-11]. In addition,
a study into the austenite grain morphology has suggested that the mechanical stability
of retained austenite is higher for the lamellar microstructure than that for the equiaxed
microstructure [12]. Furthermore, other studies [13-15] have reported that the
surrounding microstructure influences the mechanical stability against the strain-
induced martensitic transformation. In addition to these influential factors, the grain
size is particularly important in determining the mechanical stability of retained
austenite. The mechanical stability of retained austenite has been found to increases
upon decreasing the grain size [16,17], while Matsuoka et al. [18] reported that the
mechanical stability under tensile deformation is not influenced by grain size. In our
study, the grain boundary has a constraint effect on the mechanical stability of the
austenite phase in the Fe-27Ni. But, it is also important and necessary to investigate the
mechanical stability of individual retained austenite dependent on grain size in iron-
carbon steel. However, small grain sizes have prevented characterization using

conventional analytical techniques.

In order to resolve this issue, nanoindentation technique is employed because of
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their ability to probe at the nanometer scale [19-22]. Therefore, we herein combine
nanoindentation with electron backscattered diffraction (EBSD) and transmission
electron microscopy (TEM) for the analysis to study the mechanical stability of
individual retained austenite grains. The P/h versus 4 plots, which are converted from
the P versus 4 curves by nanoindentation, can be measured individually for the retained
austenite regions, and the plastic deformation behaviors of the martensite regions are
analyzed in addition to signs of stress-induced martensitic transformation. The
mechanical behaviors of individual retained austenite grains with different size are
investigated to understand the effect of grain size on stress-induced martensitic

transformation.

4.2 Experimental procedures

The Fe-1.43C-12.21Cr-0.41Mn-0.19S1-0.42N1 mass% steel was employed herein,
referred to Fe-1.4C-12Cr, to study the effect of grain size on mechanical stability of
retained austenite in iron-high carbon steels. This steel was hot caliber-rolled to form a
rod of 38 mm diameter [23]. The samples were austenitized at 1423 K for 0.6 ks
followed by cooled to room temperature (293 K) and then tempered at 573 K for 5.4 ks
under vacuum. The surface of samples was mechanically grinded, and then electrolytic
polished with a solution of 8 vol% perchloric acid, 73 vol% ethyl alcohol, 10 vol%
butyl cellosolve, and 9 vol% distilled water under a voltage of 50 V to remove the
damaged layer. Sequential experiments were then carried out; the phase mapping of
retained austenite and martensite was achieved using field emission scanning electron
microscopy (FESEM) and EBSD, which was followed by nanoindentation tests for
individual retained austenite and martensite regions in the mapped area. The positions
of the indentation marks were then confirmed using FESEM and EBSD. Finally, the
TEM observation on the cross-sectioned view of the microstructures underneath the
indentation marks was carried out to identify the phases, where the TEM sample was

milled by a focused ion beam (FIB). Here, the austenite grains tended to form triangular,
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quadrangular, or polygonal shapes following the quenching and tempering process, and
thus circumcircular diameters of the shapes were determined according to Heron’s

formula [24] and then used to represent the austenite grain size.

The microstructures were characterized using a JEOL JSM-7000F FESEM
equipped with a TSL detector for EBSD mapping, which was operated at an
accelerating voltage of 20 kV with a tilt angle of 70°. EBSD mapping was conducted
using a scanning step size of 0.03 um. Nanoindentation tests were carried out using a
Hysitron TI 950 Triboindenter equipped with a Berkovich indenter, and the tip
truncation is calibrated using a reference specimen of fused silica. All the tests were
under a load-control condition with a constant loading and unloading rate of the
indenter, set at 50 pN/s with a holding segment of 10 s. The Oliver and Pharr method
[25] was performed to analyses for the tip calibration and the hardness calculations.
The probed sites and the indenter configurations on the sample surfaces were observed
by scanning probe microscopy (SPM) before and after the nanoindentation tests. A
JEOL JEM-4000 FIB with bulk-specimen and TEM-compatible holders is employed
for TEM observations, operated at 5 kV, 10 kV, and 30 kV accelerating voltage,
respectively. To avoid damage to the indentation mark area, the surface containing the
indentation marks was protected by carbon deposition during FIB milling. In order to
view the cross-section of the indentation mark, the sliced sample was fixed to a nano
mesh in such a way after lift-out. The TEM sample was then thinned from both sides to
give a thickness of ~100 nm, which guaranteed its transparency to the electron beam
for imaging. TEM observations were performed using a JEOL JEM-2100, operated at
200 kV.
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4.3 Results

4.3.1 Mechanical behaviors of the individual retained austenite

and martensite

The microstructure of the sample consists of retained austenite, martensite, and
carbide, which are represented by the red, yellow, and green segments, respectively, as
shown in a phase map of Fig. 4.1(a), where the black points indicate the points of
measurement failure (confidence index < 0.2). Besides, the indentation marks on the
martensite are indicated by the dashed circles, as confirmed by the IQ map and the SPM
image shown in Figs. 4.1(b) and 4.1(c), respectively. Similarly, the indentation mark

positions on the austenite phase are shown in Figs. 4.1(d), 4.1(e) and 4.1(f).

[l Austenite
3 Cr7C3
[] Martensite

Figure 4.1 (a), (d) Phase maps, (b), (e¢) IQ maps and (c), (f) SPM images of the sample surface after
nanoindentation measurements showing indentation mark positions by dashed circles in the

martensite regions on (a)-(c) and retained austenite regions on (d)-(f).
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Figure 4.2 demonstrates the typical results of the P versus 4 curves which were
obtained individually for the martensite and retained austenite phases through
nanoindentation tests with a peak load of 1000 uN. The elastic deformation region at
the initial stage of the loading curve is identified by fitting with the Hertz contact theory
[26], and thus the relationship between P and /4 during the pure elastic deformation is
given by Eq. (2.2) and (2.3). When a load-displacement data deviates from the Hertz fit
curve as shown by the blue dashed circle in Fig. 4.2, it is considered to mark as the
initiation of plastic deformation [21,27]. It is found that the nanohardness calculated
from the unloading curve is significantly higher for the martensite than that for the

retained austenite.
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Figure 4.2 Typical load (P) versus penetration depth (%) curves for the martensite (yellow) and

retained austenite phase (red).

The loading segment of P/h versus & plots converted from Fig. 4.2 are therefore
depicted in Figs. 4.3(a) and 4.3(b) for the martensite and retained austenite phases,
respectively, using the new evaluation method as described in section 2.3.1. As shown,
the slope a for the martensite maintains relatively constant, thereby suggesting a single
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deformation mode during the plastic deformation. Whereas, for the retained austenite,
an anomaly is observed in the middle of the loading segment at 42 ~ 35 nm, which is
defined as P; (see an arrow in Fig. 4.3(b)), and it suggests double stages with a lower a
value in stage I and a higher @ value in stage II. It should be noted that the slope in stage
II of the retained austenite (0.143 pN/nm?) is relatively close to that of the martensite
(0.194 uN/nm?). The b values in Figs. 4.3(a) and 4.3(b) were estimated to be
comparable, therefore, confirming that the accuracy of both the data and the analysis

method are reasonable.
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Figure 4.3 The P/h versus h plots for (a) the martensite and (b) the retained austenite.

86



It is shown in chapter 3 that the metastable austenite in the Fe-27Ni steel exhibits
the double stage deformation, where the stage I with the low flow stress is dominated
by stress-induced martensitic transformation and stage II with higher flow stress is
governed by a dislocation glide motion in the transformed martensite. Furthermore, the
martensite shows a single stage deformation, which is corresponding to dislocation
movement mode. The nanoindentation results for the retained austenite and martensite

in the Fe-1.4C-12Cr sample are in agreement with the results in the Fe-27Ni samples.

4.3.2 TEM observation of the microstructures underneath the

indentation mark

The phase map and the SEM image of the austenite grain, which was subsequently
employed for TEM observations of the microstructures below the indentation mark, are
indicated in Figs. 4.4(a) and 4.4(b), respectively. It was confirmed that the indentation
mark was penetrated inside the austenite grain (outlined by the dashed triangles), which
was surrounded by the tempered martensite. The corresponding P versus /4 curve and
converted P/h versus A plot obtained during the nanoindentation test with a peak load
of 600 uN are shown in Figs. 4.4(c) and 4.4(d), respectively. Figure 4.4(d) shows that
the loading segment of P/h versus / plot of the austenite grain also exhibited a change

in the slope and double stages during the plastic deformation.
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Figure 4.4 (a) Phase map and (b) SEM image of the sample surface showing an indentation mark
on a retained austenite grain outlined by the dashed triangle, which was subsequently employed
for TEM observations of the microstructures below the indentation mark in a cross-sectional view.
(c) The corresponding P versus h curve and (d) loading segment of P/h versus h plot for the

indentation mark.
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Figure 4.5(a) exhibits a TEM BF image of a cross-sectional view of the
microstructure below the indentation mark as presented in Fig. 4.4, where the retained
austenite grain surrounded by the tempered martensite is observed. Figures 4.5(b) and
4.5(c) show DF images with SAED patterns corresponding to the region in the dashed
square of Fig. 4.5(a), where parts 4.5(b) and 4.5(c) correspond to the selected regions
of the white dashed circles 1 and 2 in Fig. 4.5(a), respectively. The SAED patterns taken
respectively from the selected regions 1 and 2 suggest that the lattice structures are
composed of the indentation-transformed martensite (transformed o' that is bct
according to X-ray diffraction for the present steel [23] but regarded as bec in this TEM
analysis) and the original retained austenite (y that is fcc), respectively. Dislocations are
observed in the transformed martensite region. The DF image in Fig. 4.5(c) indicates
that little retained austenite is also maintained in the transformed martensite region due
to inhomogeneous formation of the transformed martensite underneath the indentation
mark. Accordingly, the horizontal sharp line (indicated by a white arrow in Fig. 4.5(a))
with bee {110} trace in the transformed martensite region can be considered as the habit
plane [28]. However, the internal stresses at the interface between austenite and
martensite are partially relaxed first by twinning at the mid-rib region and also through
dislocations. Such a stress relaxation event renders the interface orientation different
from the habit plane, and so the determination of the habit plane orientation is
challenging. Figure 4.5(d) shows a schematic illustration of the cross-sectional view on
the microstructure underneath the indentation mark, which is accord with the frame of

Fig. 4.5(a).
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Figure 4.5 (a) TEM BF image of a cross-sectional view of the microstructure below the indentation
mark showing the retained austenite grain surrounded by the tempered martensite. (b) and (c) DF
images corresponding to the region outlined by the dashed square of (a), where parts (b) and (c)
correspond to the selected regions of the dashed-circle 1 and 2 in (a), respectively. The
corresponding SAED patterns are shown as inserts. (d) Schematic illustration showing a cross-
sectional view of the microstructure below the indentation mark, which is coincident with the
frame of (a).
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4.3.3 Effect of grain size on the retained austenite mechanical
stability

The phase maps and SPM images in Fig. 4.6 show that the indentation marks are
settled inside three different sized austenite grains outlined by the dashed lines (1.55

pm, 2.76 pum, 5.38 um), which are taken after nanoindentation tests with a peak load of

1000 pN.

[l Austenite
@ cr7C3

Figure 4.6 (a) Phase map and (b) SPM image showing the indentation mark inside retained
austenite grain with a smaller size of 1.55 pm, (c), (d) a middle size of 2.76 pm, and (e), (f) a larger

size of 5.38 pm respectively outlined by the dashed lines.
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The corresponding loading segment of P/h versus 4 plots for the three grains with
different sizes are indicated in Fig. 4.7. Interestingly, all P/h versus & plots for the three
austenite grains show double stages during the plastic deformation, i.e., a low value for
the slope a in stage I, and a higher value in stage II. Besides, the stage I is longer and
its slope a is higher for the small grains. Furthermore, the transition load P, which is
determined by the change in the slope of the P/k versus /4 plot, was found to increase
upon decreasing the austenite grain size. Indeed, the slope a in stage I is lower, and the
P, value is relatively clear for a large austenite grain. On the contrary, the a is larger in

stage I, and it is relatively difficult to determine the P;, for a small austenite grain.

For a reliable conclusion, the nanoindentation tests were repeated for 76 austenite
grains with different sizes. Figs. 4.8(a) and 4.8(b) are the plots of the slope a in stage I
and the P; value, respectively, as a function of the austenite grain size D. As indicated,
upon increasing the austenite grain size, both the slope a in stage I and the P; value are
decreased. Although some data show scattering due to the irregular shapes of the
austenite grains, it was concluded that larger grain sizes gave a lower resistance to

plastic deformation.
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Figure 4.7 The loading segment of P/h versus h plots corresponding to the three grains with sizes
of (a) 1.55 pm, (b) 2.76 pm, (c) 5.38 pm shown in Fig. 5.6. All the plots exhibit the two stages of 1

(blue) and II (green).
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4.4 Discussion

For the plastic deformation of retained austenite in the Fe-1.4C-12Cer, it is found
that a change in the slope a of the P/h versus 4 plot is considered to be the consequence
of a change in the deformation mode, corresponding to the stress-induced martensitic
transformation of the metastable retained austenite to the dislocation motion in the
transformed martensite. Many studies [21, 22, 27, 29-31] have been published that the
first pop-in behavior is related to the dislocation nucleation. In the austenite phase, the
first pop-in behavior is presumably corresponding to the dislocation nucleation rather
than martensitic transformation because there is a high-stress zone underneath the
indenter, which may inhibit a martensitic transformation with volume expansion.
Therefore, the right before or quite an initial region in stage I might include dislocation
deformation in the austenite phase. These two mechanisms must possibly take place
competitively to relax the external stresses. From the present experimental results, it is
believed that martensitic transformation occurred in stage I, but the intrusion of
dislocation movement in austenite could not be denied. Furthermore, as well known,
the appearance of the transformed martensite contributes to work hardening (hardening
effect). Moreover, the a value in stage II is relatively close to that of the tempered
martensite. It suggests that the stage II is hardening effect and compliance with the
dislocation glide motion in the transformed martensite. This was presumed based on
nanoindentation behavior measurements and the microstructural characterizations.
Figure 4.9 shows a schematic illustration of the cross-sectional view of the deformation
behavior during the indentation process for a retained austenite grain surrounded by the
tempered martensite. As shown, in stage I, stress-induced martensitic transformation
starts to take place, and the fresh martensite transformed by nanoindentation is extended
from the free surface as the applied load P is increased. As a stress distribution exists
below the indenter, the value of P; is presumably dominated by a balance between the
stress at the y/a' interface and the stress immediately below the indenter for slip
deformation in the transformed martensite. If the transformation at the interface is easier

than the deformation in the transformed martensite, the martensitic transformation is
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dominant. On further indentation, the stress immediately below the indenter increases,
while the transformation stress at the interface is maintained. When the stress in the
indentation-transformed martensite reaches a value high enough to deform the phase,
the austenite to martensitic transformation reaches completion, which relates to the
transition point P;. Following P; in stage II, the dominant deformation mode is change
to slip deformation of the fresh martensite that transformed from the austenite phase in
stage 1. These results allow us to conclude that the P/h versus 4 plot for the retained
austenite phase therefore confirms double plastic deformation stages, where stage I is
dominated by stress-induced martensitic transformation and stage Il is governed by slip
deformation of the transformed martensite. This conclusion is in agreement with the
TEM results, which confirmed the presence of the bce (or bet) phase underneath the

indentation mark.
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Figure 4.9 Schematic illustration of the cross-sectional view of the deformation behavior during
indentation for a retained austenite grain surrounded by a tempered martensite combined with a

loading segment of P/h versus h plot.
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The nanoindentation results from all the grains show that both the slope « in stage
I and the value of P; increase with decreasing the austenite grain size, which indicates
that mechanical stability of the retained austenite increases with decreasing in grain size.
This suggests that the resistance against stress-induced martensitic transformation
becomes higher in smaller-grained austenite. This could be attributed partly to a
constraint by the surrounding tempered martensite. Since the tempered martensite is
harder than the retained austenite phase as shown in Fig. 4.2, the austenite to martensitic
transformation with volume expansion should be inhibited by the tempered martensite.
This effect is more significant in a region close to the y/a' interface as the volume
expansion resulting from the martensitic transformation is subject to greater
compressive stresses and space limitations from the interface in a smaller austenite
grain. It is noted that the start of stage I in all grains generally occurs at an indentation
depth of about 10 nm right after an onset of plasticity, in which the size of plastic zone
reaches 100 nm in diameter of hemispherical approximation. The plastic zone with a
size of 100 nm is much smaller than the smallest grain size of 1.5 um. However, the
elastic zone is much larger than the plastic zone and presumably affected by the grain
boundary. The distribution of the compression stress underneath the indenter is
inversely proportional to the depth from the load point, which is calculated based on
the Hertz model. The stress does not reach zero even though the depth approaches
infinite, so that all the grain boundary conditions are affected. It suggests that the grain
boundary influences the stress at which the stress-induced martensitic transformation
starts. Therefore, the mechanical stability of austenite depends on the grain size even at
the start of stress-induced martensitic transformation [26]. Furthermore, the higher
resistance against stress-induced martensitic transformation could also be explained by
the microstructures present in the austenite phase close to the interface. More
specifically, carbon atoms can diffuse into the austenite phase from the surrounding
martensite during tempering, and so the carbon concentration is presumably higher in
the vicinity of the interface. In addition, any dislocations would be locked by the carbon
atoms during tempering due to the relatively low tempering temperature employed [32-

34]. As such, the area close to the y/a' interface of the present sample is speculated to
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contain a high dislocation density in addition to carbon enrichment. It should be noted
that the dislocations locked by carbon atoms hinder the stress-induced martensitic
transformation. Furthermore, assuming that the thickness of such an interface layer is
relatively constant, the finer austenite grains should become more stable compared to

the coarser grains.

As shown in Figs. 4.8(a) and 4.8(b), the scatter diagrams may also suggest that
additional influential factors exist in the Fe-1.4C-12Cr sample examined herein. More
specifically, internal stresses are induced upon quenching due to transformation strains,
and high local internal stresses should be partially relaxed by the generation of
dislocations in the retained austenite phase. Besides, the internal stresses and
dislocation density are believed to be higher in the vicinity of the y/a' interface.
Concerning the transformation internal stress distribution, many studies have discussed
this factor [35-37]; however, it is expected only to impart a minor influence in this case,

as the sample was tempered and the examination was carried out on the surface layer.

4.5 Conclusions

The deformation behaviors of the metastable retained austenite and tempered
martensite in the Fe-1.4C-12Cr steel were investigated by the combination of
nanoindentation tests and microstructural observations based on SEM/EBSD and TEM.
More specifically, the effect of the austenite grain size on its mechanical stability was

determined.

(1) Inthe P/h versus h plots obtained by nanoindentation, the martensite was
found to exhibit a single plastic deformation stage during the loading process, on the
contrary, the retained austenite phase showed double stages, with a lower flow stress in
stage I, which is dominated by stress-induced martensitic transformation, and a higher
flow stress in stage II, which is governed by a dislocation glide motion in the

transformed martensite.
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(2) The TEM results demonstrated that the transformed martensite existed
immediately underneath the indentation mark inside the retained austenite grain, which

1s confirmed the results of the nanoindentation behavior.

(3) Fine retained austenite grains exhibited higher flow stress in stage I with
a higher transition load P;, which indicates that the mechanical stability of retained

austenite increases with decreasing in grain size.
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Chapter 5 Summary and conclusion

The primary objective of this study is the investigations of nanoindentation
behaviors for single phases, such as metastable austenite, stable austenite, ferrite, and
tempered martensite, as well as the mechanical stability of metastable austenite phase
dependent on grain size and the understanding of the deformation modes.

An effective and powerful analytical method is proposed to characterize the
mechanical behaviors of materials using the slope a of the derived P/h versus A4 plot
obtained from a measured P versus /& curve in chapter 2. The three typical
microstructures in the Fe alloys, such as austenite, ferrite, and tempered martensite,
were carried out to investigate the deformation behaviors to estimate the relationship
between the slope a of the P/h versus h plot and the nanohardness H,. The
nanoindentation results suggest that the slope a increases proportionally as the

nanohardness H,, which is strongly affected by the deformation mechanisms.

The nanoindentation behaviors of metastable austenite, stable austenite, and
martensite are investigated in the Fe-Ni steels. Also, the effect of grain boundary on the
mechanical stability of metastable austenite in the Fe-27Ni steel is shown in chapter 3.
The results of the P/h versus h plots suggest that the stable austenite and martensite
exhibit a single plastic deformation stage, while the metastable austenite shows double
stages, of the stress-induced martensitic transformation in stage I and dislocation glide
motion in the transformed martensite in stage II. Besides, the nanoindentation results
suggest that the austenite grain boundary and the y/a' interface hold a higher slope a
value in stage I with a higher transition load P; than the austenite grain interior.
Moreover, the transition load P; increases inversely as the distance of the indentation
mark from the austenite grain boundary, which indicates that the grain boundary
strongly suppresses the martensitic transformation improving the mechanical stability
of metastable austenite. TEM observations clearly show the presence of the indentation-
transformed martensite underneath the indentation mark in the austenite grains, which
corroborates that the dominant deformation mode in stage I is martensitic

transformation. No martensite in the neighboring grain indicates the constraint by grain
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boundary against stress-induced martensitic transformation, which is in concordance

with the result of nanoindentation behaviors.

The nanoindentation behaviors and the microstructural characterizations of the
metastable retained austenite and the tempered martensite are studied in the Fe-1.4C-
12Cr steel. The effect of the retained austenite grain size on the mechanical stability is
also determined in chapter 4. It is found that the martensite exhibits a single plastic
deformation stage in the P/h versus & plot, whereas the retained austenite phase shows
double stages that include martensitic transformation in stage I and dislocation glide
motion in the transformed martensite in stage II, which is in agreement with the results
of the metastable austenite in the Fe-27Ni steel. The TEM results also confirmed the
presence of the transformed martensite underneath the indentation mark inside the
retained austenite grain. The nanoindentation data show that the retained austenite with
fine grains exhibit higher slope a value in stage I with a higher transition load P;, which

suggests that the mechanical stability increases with decreasing in austenite grain size.
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