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Abstract

This report aims to examine deformation induced phase transformation in 304L stainless steel up
on compressive loading at room temperature of 300K. For this, compression tests were carried
out using specimens of varying length to diameter ratios. To avoid effects of any friction, teflon
tapes were use at the specimen platen interfaces. The results indicate that homogenous
deformation takes place up to 15% of total compressive engineering strain. X-ray diffraction and
scanning electron microscopic studies indicate that metastable austenite transforms to martensite
due to compressive loading. “The volume fraction of martensite increases with increase in
percentage of deformation.” Post deformation hardness also increases monotonically. Nature of
homogenous deformation also gets reduced due to prevailing friction at the interfaces. In the
course of the study, the amounts of particular phase fractions have also been calculated from the
integrated intensity of XRD results. The results are then correlated with the extent of
deformation in the respective samples and the behavior is compared as-against tensile loading

conditions.

Keywords: 304L Stainless steel, Compressive deformation, Deformation induced martensite,

X-ray diffraction, Volume fraction.
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Introduction

Austenitic stainless steels find a wide range of applications in numerous engineering sectors viz.
nuclear power plants, gas turbine components, underwater pipelines etc. [1]. This is due to the
metallurgical advantages they offer. They can be made soft enough (i.e., with a yield strength
about 200 MPa) to be easily formed by the same tools that work with carbon steel, but they can
also be made incredibly strong by cold working, up to yield strengths of over 2000 MPa. The
austenitic (fcc) structure of this group of steels is very tough and ductile down to absolute zero.
Moreover, these steels also do not lose their strength at elevated temperatures as rapidly as
ferritic (bcc, body-centered cubic) iron base alloys. The least corrosion-resistant versions can
withstand the normal corrosive attack of the everyday environment that people experience, while
the most corrosion-resistant grades can even withstand boiling seawater. Above all, it can be said
that austenitic stainless steels are user friendly metal alloys with life-cycle cost of fully
manufactured products lower than many other materials [2].

Needless to mention that these steels face various types of applied stresses in their service that
may be cyclic, static tensile or static compressive in nature. It is well-known that austenitic
stainless steel is metastable upon deformation by which austenite transforms to martensite. The
plastic deformation results in the transformation of parent austenite (y) to martensite of
hexagonal close-packed () and/or body-centered cubic (a") crystal structures [3,4]. Such a
transformation to martensite during plastic deformation is advantageous as it imparts a good
combination of strength and toughness to austenitic stainless steels.

Therefore for a better understanding of the plastic deformation behavior of austenitic stainless
steels, it is a-priori to have the knowledge on the martensitic transformation characteristics.
Although quite an exhaustive number of research papers and journals exist for behavior under

tensile testing conditions, but as per the knowledge of the current investigators no report is
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available for martensitic transformation and their quantification under compressive loading
conditions. This investigation aims to examine compressive deformation behavior of 304L
stainless steel in samples with varying L/D ratios followed by examination of phase

transformation of the steel and estimation of its volume fraction of the transformed phases.

1.1 Objectives

The major objectives and the pertinent work-plan to fulfill these can be broadly summarized as:

I.  To characterize the microstructure of the investigated steel and to perform its chemical
analysis.
[l.  To study uniaxial compressive deformation behavior of 304L stainless steel and to
compare the results with tensile tests that has been performed at varying starin rates.
I1l.  To examine possible alterations in the microstructure of the investigated steel due to
compressive deformation and to compare the hardness values before and after

compression tests.

The thesis has been structured into five chapters. The significance of the problem and the
motivation behind this investigation are briefed in Chapter-1. Some pertinent literature
background related to the current investigation has been presented in Chapter-2.Chapter-3
consists of the experimental procedure adopted on the investigated materials.Chapter-4 includes
the results and discussion corresponding to the objectives mentioned. An overview of the
conclusions derived from this investigation has been summarized briefly in Chapter-5 together
with some proposed future work related to this area. All references cited throughout the

dissertation have been compiled at the end of Chapter-5.
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2.1. Stainless Steels

In metallurgy, stainless steel, also known as inox steel [5], is a steel alloy with a minimum of
10.5% to 11% chromium content by mass. Stainless steel does not readily corrode, rust or stain
with water as ordinary steel does, but despite the name it is not fully stain-proof, most notably
under low oxygen, high salinity, or poor circulation environments.
Stainless steel differs from carbon steel by the amount of chromium present. Unprotected carbon
steel rusts readily when exposed to air and moisture. This iron oxide film (the rust) is active and
accelerates corrosion by forming more iron oxide, and due to the greater volume of the iron
oxide this tends to flake and fall away. Stainless steels contain sufficient chromium to form a
passive film of chromium oxide, which prevents further surface corrosion and blocks corrosion
from spreading into the metal's internal structure, and due to the similar size of the steel and
oxide ions they bond very strongly and remain attached to the surface [6].
The stainless steel family tree has several branches, which may be differentiated in a variety of
ways e.g. in terms of their areas of application, by the alloying elements used in their production,
or, perhaps the most accurate way, by the metallurgical phases present in their microscopic
structures:

I.  Ferritic

ii.  Martensitic (including precipitation hardening steels)

iii.  Austenitic

iv.  Duplex steels, consisting of mixture of ferrite and austenite

Of these, austenitic steels make up over 70% of total stainless steel production [7].
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2.1.1. Austenitic stainless steel

The austenitic steels are characterised by very good corrosion resistance, very good toughness
and very good weldability; they are also the most common stainless steels.

Resistance to general corrosion, pitting and crevice corrosion generally increases with increasing
levels of chromium and molybdenum, while high levels of nickel and molybdenum are required
to increase resistance to stress corrosion cracking. Resistance to pitting and crevice corrosion
thus increases in the order: AISI 304 / 304L - 316 / 316L -317L - ‘904L’ - ‘254 SMO’ — ‘654
SMO’. The low carbon grades exhibit good resistance to intergranular corrosion and
consequently the higher alloyed steels are only available with low carbon contents. The stabilised
steels (AISI 321, 347 and 316Ti) and the nitrogen-alloyed steels (304LN and 316LN) have
roughly the same corrosion properties in most environments as the equivalent low-carbon grades:
304L and 316L respectively. There are however, exceptions to this rule so it should be treated
with some caution. Austenitic steels are generally susceptible to stress corrosion cracking; only
the highly alloyed steels ‘904L’, ‘254 SMO’ and ‘654 SMO’ exhibit good resistance to this type
of corrosion. An increased level of chromium and silicon, in combination with additions of rare
earth metals (cerium), gives an increased resistance to high temperature corrosion, which is
exploited in ‘153 MA’, ‘253MA” and ‘353MA” [8].

The austenitic stainless steels are used in almost all types of applications and industries. Typical
areas of use include piping systems, heat exchangers, tanks and process vessels for the food,
chemical, pharmaceutical, pulp and paper and other process industries. Non-molybdenum
alloyed grades, e.g. 304 and 304L, are normally not used in chloride-containing media but are
often used where demands are placed on cleanliness or in applications in which equipment must

not contaminate the product. The molybdenum-alloyed steels are used in chloridecontaining
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environment with the higher alloyed steels, “904L’, ‘254 SMO’ and ‘654 SMQO’, being chosen
for higher chloride contents and temperatures. Grades such as ‘254 SMO’ and ‘654 SMOQO’ are
used to handle sea water at moderate or elevated temperatures. Applications include heat
exchangers, piping, tanks, process vessels, etc. within the offshore, power, chemical and pulp &
paper industries [8].

The low alloyed grades, especially 304, 304LN and 304N but also 316LN, are used in equipment
for cryogenic applications. Examples are tanks, heaters, evaporator and other equipment for
handling of condensed gases such as liquid nitrogen.

Another use is in high temperature applications or equipment designed for elevated temperature
service. In these cases both the good creep resistance and the good oxidation resistance of the
austenitic steels are exploited. High carbon grades (AISI 304H) and stabilised steels (AISI 321,
347 and 316Ti) or nitrogen-alloyed steels (AISI 304LN and 316LN) are used at elevated and
moderately high temperatures depending on the service temperature and environment. At higher
temperatures (above about 750 °C) special high temperature or heat resistant grades are needed,
such as 310, ‘153 MA’, ‘253MA’ and ‘353MA’. Typical applications for the heat resistant steels
are furnace components, muffles, crucibles, hoods, recuperators, cyclones and conveyor belts
working at high 38 temperatures. The high alloyed heat resistant grades, such as ‘353MA’, are
used in aggressive high temperature environments, such as those encountered in waste
incineration [6].

Finally it is worth mentioning that austenitic stainless steels are often used in applications

requiring non-magnetic materials since they are the only non-magnetic steels.
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2.1.1.1. Austenitic group
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v’ Straight Grades
The straight grades of austenitic stainless steel contain a maximum of .08% carbon. There
is a misconception that straight grades contain a minimum of 0.03% carbon, but the spec
does not require this. As long as the material meets the physical requirements of straight
grade, there is no minimum carbon requirement [9].

v’ “L” Grades
The “L” grades are used to provide extra corrosion resistance after welding. The letter
“L” after a stainless steel type indicates low carbon (as in 304L). The carbon is kept to 0.03% or
under to avoid carbide precipitation. Carbon in steel when heated to temperatures in what is
called the critical range (800 ° F to 1600 ° F) precipitates out, combines with the chromium and
gathers on the grain boundaries. This deprives the steel of the chromium in solution and
promotes corrosion adjacent to the grain boundaries. By controlling the amount of carbon, this is
minimized. For weldability, the “L” grades are used. But all stainless steels are not produced as
“L” grades. This is because the “L” grades are more expensive. In addition, carbon, at high
temperatures imparts great physical strength [9].

v’ “H” Grades
The “H” grades contain a minimum of 0.04% carbon and a maximum of 0.10% carbon and are
designated by the letter “H” after the alloy. “H” grades are primarily used when the material will
be used at extreme temperatures as the higher carbon helps the material retain strength at
extreme temperatures.
In “solution annealing”, only the carbides which may have precipitated (or moved) to the grain

boundaries are put back into solution (dispersed) into the matrix of the metal by the annealing
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process. “H” grades are used where annealing after welding is impractical, such as in the field

where pipe and fittings are being welded [9].
v' Type 304
The most common of austenitic grades, containing approximately 18% chromium and 8% nickel.

It is used for chemical processing equipment, for food, dairy, and beverage industries, for heat
exchangers, and for the milder chemicals [9].

v Type 316
It contains 16% to 18% chromium and 11% to 14% nickel. It also has molybdenum added to the
nickel and chrome of the 304. The molybdenum is used to control pit type attack.
Type 316 is used in chemical processing, the pulp and paper industry, for food and beverage
processing and dispensing and in the more corrosive environments. The molybdenum must be a
minimum of 2% [9].

v' Type 317

It contains a higher percentage of molybdenum than 316 for highly corrosive environments. It

must have a minimum of 3% molybdenum. It is often used in stacks which contain scrubbers.
v" Type 317L

Here, the maximum carbon content is restricted to 0.030% max. and silicon to 0.75% max. for

extra corrosion resistance.
v' Type 317LM
It requires a minimum molybdenum content of about 4%.

v' Type 317LMN

It requires a minimum molybdenum content of 4% min. and nitrogen of 0.15%.
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v Type 321, Type 347
These types have been developed for corrosive resistance for repeated intermittent exposure to
temperature above 800 ° F. Type 321 is made by the addition of titanium and Type 347 is made
by the addition of tantalum/columbium. These grades are primarily used in the aircraft industry
[9].
2.2. Deformation induced martensite
Low temperature plastic deformation of type 304 austenitic stainless steel results in the
transformation of parent austenite (y) to martensite of hexagonal close-packed () and/or body-
centered cubic (o) crystal structures [10,11,12].
When the chemical free energy of austenite is equal to that of martensite, they are in
thermodynamically in equlibrium at Toas shown in the figure below. It is however, necessary to
undercool below the Mg temperature to start the martensitic transformation due to existence of
non-chemical energy barriers such as interfacial and elastic energy.The critical driving force is
therefore the minimum free energy AGeq: required for initialising martensitic transformation,
which in turn corresponds to the chemical free energy difference AG., between the undeformed
austenite and martensite phase at Ms temperature when there are no additional enegies available
[13,14]. Martensitic transformation is also known to be triggered abobe Ms and below My
temperature if an additional energy is supplied in the form of strain energy during inelastic

deformation.

Mg (°C) = 551 — 462(%C + %N) — 9.2(%Si) — 8.1(%Mn) — 13.7(%Cr) — 29(%Ni + %Cu) —
18.5(%Mo) — 68(%NDb).
This is the temperature at which 50% of the austenite transforms to martensite [2].
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Fig 2: Schematic representation of (a) the Schaeffler diagram and (b) the contribution of the

mechanical deformation energy to the driving force for austenite-to-martensite transf [15].
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The internal strain energy u', viewed here as an additional driving force for transformation,
develops as a consequence of dislocation pile-ups at strong barriers such as grain boundaries
during the inelastic deformation [13,14]. The required internal strain energy for deformation
induced martensitic transformation can therefore be described as u'= AGgic - AGen.

From the engineering point of view, the deformation temperature and the deformation degree are
the most important parameters determining the process of deformation-induced martensite
formation in metastable austenitic steels.

Krupp et al.[16] has tried to relate the martensite volume fraction and the temperature increase
during cold rolling of AISI301 coupons from an initial thickness of 2mm to an end thickness of
0.8 mm..Fig 3 reveals that due to the temperature effect the martensite volume fraction was by a

factor of almost two higher for multi-step rolling than for two-step rolling.

martensite fraction [%] temperature [°C]
40 75
— martensite fraction A
30 temperature L $60
45
20

30
10 5

0 0

1.2

reduction in thickness by cold-rolling [mm]
Fig 3: Development of the temperature and the martensite volume fraction during cold-rolling of

AISI301 austenitic stainless steel [16].
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Fig. 4 shows cyclic deformation curves for three different temperatures between T = —100 and
room temperature. In the case of the relatively high carbon concentration of cc = 0.09%, room
temperature fatigue at Ae/2 = 0.5 does not cause any pronounced strengthening. This is
completely different at sub-zero temperatures: During the initial stage, strong cyclic
strengthening in combination with massive deformation-induced martensite formation was
observed, followed by a saturation stage. Since the higher martensite volume fraction coincides
with a complete change in the stress/stain response, the plastic strain amplitude within the

saturation stage is small and falls below the critical threshold value.

Ac/2 [MPa] martensite fraction [%]
1000 50

carbon concentration ¢.= 0.09%
strain amplitude Ae/2=0.005 40

750 N
100°C - T
el 30

& _® stress amplitude
200 /_// r/‘g‘ -50°C - martensite fraction -0

. - ,r'.f \i#_ﬁ
250 / 220 0
0 i e g — === B-———g———-f---a--=8-" 1. 0
1 10 100 1000 10000

number of cycles N

Fig 4: Cyclic deformation curves for fully reversed fatigue of AISI301 austenitic stainless steel

at three different temperatures [17].

The cyclic martensite formation curves for materials showing deformation-induced phase
transformation are generally of sigmoidal shape. It should be noted that not only a critical
threshold value of the plastic-strain amplitude but also a certain amount of accumulated plastic

strain needs to be exceeded to initiate the deformation induced martensite formation. This is
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manifested by the incubation time, which can be observed in general during cyclic deformation

of metastable austenitic steels (see Fig. 5).

Ac/2 [MPa] martensite fraction [%]
1000 - 50
room temperature 7=22°C carbon concentration
strain amplitude Ae/2=0,005 ¢=0,038% 40
750
—_ stress amplitude s 30
5001 ------ martensite fraction L A 0.044 %
20
————— - g # -‘/
230 s 0.068 % }10
(_o‘/ ,1’ _-a
e 2 Pt
0 e \ 0
1 10 100 1000 10000

number of cycles N

Fig 5: Cyclic deformation curves for fully reversed fatigue of AIS1301 austenitic stainless steel

with three different carbon concentrations [17].

Dutta et al. [18] has examined the evolution of ratcheting strain in AISI 304LN stainless steel
with respect to the possible variation of substructure and transformation of austenite to
martensite, through stress-controlled uniaxial ratcheting tests, at various combinations of mean
stress and stress amplitude.

A typical TEM bright field image along with the corresponding selected area diffraction pattern
is shown in Fig. 6 to provide evidence for the formation of martensite during ratcheting of this
steel. X-ray diffraction analyses show that both e-martensite (hcp) and a’-martensite (bcc) peaks

are present in the diffraction pattern (Fig 7).
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Fig 6: Formation of o’-martensite (bcc) (directed by arrow markings) with zone axis of [-113] in

y-austenite (fcc) with zone axis of [-2 3 3] [18].

® @ austenite
4000 = A
= B :-martensite
A o'- martensite
— 3000-
=
L
=
2 20004 |2
g = 8
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o 3
1000 Q <
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Fig. 7: X-ray diffraction pattern showing formation of &- and o ’-martensite [18].
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Das et al. [20] has investigated the evolution of deformation induced marrtensite during tensile
deformation of 304 LN stainless steel at various strain rates. It is interesting to note that at all

strain rates, the nature of variation of volume fraction of martensite with true strain is similar.

Fi=

30

20 +

Strain Rate, s~
—a— 1.0
——0.1
—e—0.01
—0—0.001

5 4 —4—0.0001

Martensite (total) Volume Fraction (%)

. y . ; ' ' r ' r | .
0.2 0.4 0.6 0.8 1.0 1.2 1.4
True Strain

Fig 8: Volume fraction of deformation induced martensite with true strain in 304LN stainless

steel at various strain rates [20].

De et al. [3] has shown influence of grain size dependence of martensite transformation in 304
austenitic stainless steel. A modest grain size effect on martensite transformation is observed, but
only at higher strains. A greater volume fraction of o’-martensite is obtained in the fine grain
material for a given strain level. Also, e-martensite formation in the coarse-grain sample is

extended to higher strains.
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Fig 9 : Summary of grain size influence on the strain hardening behavior and phase fractions in

the type 304 stainless steel [3].

Therefore, the extent of transformation is dependent on the deformation temperature, strain, and
grain size. [10,11,12] Earlier research on type 304 stainless steel postulated that e-martensite is
an intermediate or transient phase during y o’ transformation with an orientation relationship
with parent austenite as (111)y//(001)e, and that the plates of bcc martensite having {225}y habit
plane nucleate from the hcp structures. [11,21,22] . These observations are rationalized

considering the low stacking fault energy of type 304 steels. More recent observations with high-

resolution electron microscopy have demonstrated that both forms of martensite can be produced
independently during deformation—i.e., the presence of e-martensite is not a prerequisite to o’'-
martensite formation [23,24]. While e-martensite forms from overlapping stacking faults on
every other {111}y plane by the passage of a/6 <112>y Shockley partial dislocations, o’

martensite is reported to form at intersections between two shear bands. The shear bands can be
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€ martensite, mechanical twins, dense stacking faults, or twin boundaries. However, during
plastic deformation, the e-martensite eventually transforms to a’-martensite at higher strains, so
that at larger strains only o’-martensite is observed in 304 stainless steels. A possible mechanism
proposed for this transformation is the shifting of faulted planes in the hcp phase by a second
a/12 <112>y shear resulting in a bcc martensite structure.

The transformation sequence and the mechanism significantly influence the stress-strain
behavior of type 304 austenitic steel, and distinct stages are observed in flow behavior

corresponding to inherent microstructural changes as shown in Fig 10.
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ENGINEERING STRAIN
Fig 10 : Engineering stress-strain tensile data for type 304 stainless steel tested in the

temperature range of —80 °C to 160 °C at an imposed engineering strain rate of 1.5 * 10 s™* [25].

In the true stress-strain curve there is a change from a ‘“parabolic’” shape at room temperature to

a sigmoidal or S-shape at lower test temperature [25]. The sigmoidal curve consists of an easy
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deformation stage (plateau in the stress-strain curve at lower strains) followed by a rapid
hardening stage at higher strains.

Gunter and Reed et al. [26] proposed that the easy deformation stage is due to & martensite
formation and the rapid hardening stage is due to a’-martensite formation, as e-martensite tends
to disappear at the beginning of the rapid hardening stage.

Tamura et al.[27] interpreted the first stage as being caused by the normal slip deformation
mode plus deformation due to e-martensite formation. Since e-martensite formation stems from
low stacking fault energy (SFE) of austenite, it is expected that deformation at low temperature
will give rise to planar faults such as stacking faults, dislocation pile-ups, etc., and hence the
formation of e-martensite should manifest an increase in work hardening in the flow behavior.
Suzuki et al.[23] proposed from in situ electron microscopic observations of martensite
formation in 18/8 stainless steel that the easy deformation stage is due to the formation of a'-
martensite at the intersection of slip bands aided by the pile-up of dislocations. This proposition
however, requires that a.’-martensite can be the cause of both easy deformations in the first stage
and rapid work hardening in the second stage.

It transpires from the aforesaid discussion that, for a better understanding of the plastic
deformation behavior of austenitic stainless steels, it is a priori to have the knowledge on the
martensitic transformation characteristics. Although quite an exhaustive number of research
papers and journals exist for behavior under tensile testing conditions, but as per the knowledge
of the current investigators no report is available for martensitic transformation and their

quantification under compressive loading conditions.

Studies on martensitic deformation and compressive testing on various materials have started

way back from 1950s.Among all these, a few important reports have been cited in Table 1.
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Table 1: Some pertinent investigations related to tensile and compression tests of engineering

materials as well as martensitic transformation of stainless steels.

Author Year Material Test
Yao, Inui & Kishida 1994 Polysynthetically twinned crystals of Tensile and
Ti-Al compression testing
Jiang, Godfrey & Liu 2006 AZ31 magnesium alloy Compression testing
Nijs, Holmedal & Fris 2006 Ultra fine grained Al-Mg alloy Tensile and
compression testing
Nave & Barnett 2004 Pure Magnesium Parallel and
perpendicular
compression
Botshekan, Degallaix 1997 316 LN stainless steel Tensile and low-cycle
& Desplanques fatigue tests
Hashimoto & Byun 2008 316 stainless steel Neutron irradiation
tests
Smaga, Walther & 2006 AISI 304, AlSI 321, AISI 348 Strain controlled
Eifler stainless steels fatigue tests
Biswas, Sivaprasad, 2006 304LN stainless steel Load history effect on
Narasaiah & Tarafder fatigue crack growth
rate test
Bayerlein, Christ & 1988 AISI 304L stainless steel Cyclic deformation at
Mughrabi room temperature
Barnett, Keshavarz, 2004 Wrought Mg-3Al-1Zn Compressive

Beer & Atwell

deformation

2.3. Solution Annealing of stainless steels

A solution annealing is a heat treatment operation that involves heating to around 960°C

followed by quenching or rapid cooling which will restore the material to its original condition,
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by removing alloy segregation, minimizing sensitization and restoring ductility after cold
working. It takes the carbides that have precipitated in the grain boundaries and dissolves then
into the surrounding matrix. Some alloys due to their low carbon content do not need a solution
anneal due to carbide formation, but, benefit from a solution anneal to achieve maximum

corrosion resistance [28,29].
2.4. Compression testing at room temperature

The results of a simple compression test on a specimen of a ductile metal are virtually identical
with those of a tensile test. A “simple compression test” is difficult to achieve, because of the
friction that is necessarily present between the ends of the specimen and the pressure plates.
Compression of the material causes an increase in area, and therefore a tendency to slide outward
over the plates, against the shear stress on the interfaces due to the frictional resistance. Thus the
state of stress cannot be one of simple compression. Lubrication of the interface helps the
problem, as does the use of specimens that are reasonably slender — though not so slender as to
cause buckling — so that, at least in the middle portion, a state of simple compressive stress is

approached.
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Figure continued to next page
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Fig 11: Stress-strain diagrams: (a) ductile metals, simple tension; (b) ductile metal (low carbon

steel), simple tension and compression; (b’) yield-point phenomenon; (c) cast iron and glass,

simple compression and tension; (d) typical concrete or rock, simple compression and tension;

(e) rock (limestone), triaxial compression; (f) soils, triaxial compression [30].
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Unlike ductile metals, brittle solids behave quite differently in tension and compression, the
highest attainable stress in compression being many times that in tension. Classically brittle
solids, such as cast iron or glass, fracture almost immediately after the proportional limit is
attained, as in Fig 11(c). Others, however, such as concrete and many rocks, produce stress-
strain diagrams that are qualitatively similar to those of many ductile materials, as in Fig 11(d).
Of course, the strain scale is quite different: in brittle materials the largest strains attained rarely
exceed 1%. The stress peak represents the onset of fracture, while the decrease in slope of the
stress-strain curve represents a loss in stiffness due to progressive crack ing. The post-peak
portion of the curve is highly sensitive to test conditions and specimen dimensions, and therefore
it cannot be regarded as a material property. Moreover, it is not compression per se that brings
about fracture, but the accompanying shear stresses and secondary tensile stresses.

The specimen in this test is in an axisymmetric, three-dimensional stress state, the principal
stresses being the longitudinal stress o; and the confining pressure o, = o3, both taken
conventionally as positive in compression, in contrast to the usual convention of solid
mechanics. The results are usually plotted as 61— o3 (which, when positive — as it usually is —
equals 2tmax) against the compressive longitudinal strain g;; typical curves are shown in Fig

11(e) and (f) [30].

2.5. Quantitative estimation of phase fractions

The quantitative estimation of phases by XRD can be done from total integrated intensity of all
diffraction peaks for each phase. It is available in literature that integrated intensity is
proportional to the volume fraction of the corresponding phase in a phase mixture. It can be

stated that[31]:
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|ihkl = CRihklvi/ZH 1)

where,

c [ JAZ (&)i
32m )\ 4z )m® and,

1 1+cos? 260
R N F 2 e—ZM
M (uzj IFIp sin @cosé ( )

In the mentioned equations, ;™' : integrated intensity for (hkl) plane of i-phase, i: y, o: or € ;

C: the instrument factor;

Ri™ is the material scattering factor and depends on diffraction angle (0), interplanar spacing of
hkl, composition and crystal structure of phase i;

v is the volume of unit cell,

Frii is the structure factor for reflecting phase (hkl),

The structure factor is independent of the shape and size of the unit cell.

p: multiplicity factor,

It can be defined as the number of different planes in a form having the same spacing. Parallel
planes with different Miller indices, such as (100) and (-100), are counted separately as different
planes, yielding numbers which are double those given in the preceding paragraph. Thus the
multiplicity factor for the {100} planes of a cubic crystal is 6 and for the {111} planes 8.

e - temperature factor

The intensity of a diffracted beam decreases as the temperature is raised, and, for a constant
temperature, thermal vibration causes a greater decrease in the reflected intensity at high angles
than at low angles.

A: the wavelength of incident X-ray beam,
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: linear absorption coefficient,

A: cross sectional area of incident X-ray beam,

lo : intensity of the incident beam,

r: radius of diffractometer circle,

e, m: charge and mass of electron.

Therefore, for a steel containing austenite (y), bcc martensite (o) and hep-martensite (g), then

Eq. (1) may be written as:

l,=KR,V,/2u,

le=KRg Vg/2pand

l.= KR V. /2.

Additionally,

Vy+Va'+Ve=1 (2)
From the above relations, and knowing that C/2 is constant in a given X-ray diffraction scan,

the volume fraction of austenite and martensite can be derived for numerous peaks as[2]:

11
Vi: 7 nj:l Ri.J -
L1 141 1501 ©
n=ZR' n{ZR. nIR]

where , 1= v, o' or € in this instance and n is the number of peaks examined.
EqQ. (3) enables simultaneous calculation of the volume fraction of austenite, o'-martensite and -

martensite in 304L stainless steel from a single XRD scan.
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Experimental Procedure

3.1 Introduction:

304L stainless steel were heat treated by a special heat treatment process called solution
annealing. Samples of different dimensions (L/D) were cut for compression test. Tensile
specimens are prepared. Composition of supplied steel was analysed with the help of an optical
emission spectrometer. The samples of different L/D ratio were deformed by compression load.
The microstructures of the undeformed samples and of deformed samples were observed under
scanning electron microscope and by optical microscope. Phase transformation characteristic of
different samples was studied by doing XRD. The hardness was measured with the Vickers

hardness testing machine.

3.2 Material and heat treatment:

The available 304L grade austenitic stainless steel sample was in rod form. At first a few
samples were cleaned to remove oils, grease and other types of residue; these were then allowed
to undergo solution annealing, by heating at a temperature of 960°C for 1 hour followed by
quenching in normal water. Water cooling is done to prevent sensitization i.e. to prevent

precipitation of carbides at the grain boundaries.

3.3 Optical Emission Spectrometry:

The chemical compositions of 304L steel was evaluated using optical emission spectrometer
(Model: ARL 3460 Metals Analyser, Thermo Electron Corporation Limited, Massachusetts,
United States of America). The samples were cylindrical shape of 20 mm diameter and 10 mm
height. Here, excitation is done by an arc or a spark and the analysis of the spectrum of

frequencies of emitted electromagnetic radiation is done to identify the elements.
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3.4 Tensile test:

Tensile deformations of the samples were done by using the universal testing machine (Model:
INSTRON 8800, Instron Industrial Products, Pennsylvania, USA). Tensile tests were carried out
with a crosshead speed of 1mm/min, which corresponds to nominal strain rate of 0.001 per
second. During the tests, the load elongation data is captured by induced software, whose data is
used for further analysis. The figure 12 shows the dimensions for the specimen for this test. The

numbers shown are the lengths in mm.

. |"_ 25mm —P| &
6.05mm N

+—— 101mm P

Fig 13: Universal testing machine(tensile grip), INSTRON 8800
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3.5 Compression test:

Samples of the investigated 304L stainless steel were deformed by applying compressive loads.

The load is applied axially, uniformly and with negligible slip-stick friction.

4

T

Fig 14: Direction of load application

Fig 15: Universal testing machine (compression grip), INSTRON 1195
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The heat treated samples were cut into cylindrical forms with different L/D ratios (Table 2) for

performing compression tests.

Table 2: Compression test samples of different L/D ratios

Sl no. Sample height Sample diameter L/D ratio
(in mm) (in mm)
1 8 10 0.8
2 10 10 1.0
3 12 10 1.2
4 14 10 1.4
5 16 10 1.6

The samples were in cylindrical forms with maximum height of 16mm that was suitable for the
test. The opposite surfaces of the samples were made parallel by polishing these up to 0.25 um
surface finish. To reduce the effects of friction, the specimen-platen interfaces were lubricated
with TFE-fluorocarbon tape. The obtained data were used to plot the engineering curve for the

investigated steel.
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3.6 X-ray Diffraction:

The deformed samples were subjected for XRD analyses using Cu Ka radiation at 30 kV and 20

mA. The X-ray scan parameters used are as follows: scanning angle: 40 to 120 deg of 26; step

size for scanning, 2 deg; time per step, 1 minute.

Fig 16: X-Ray Diffractometer
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3.7 Scanning Electron Microscopy:

Microstructural characterization studies were done to observe the microstructure of undeformed
sample surface and also the surface after deformation. This is done by using scanning electron
microscope. The 304L stainless steel samples were mechanically polished using standard
metallographic techniques before the examination. Characterization is done in etched conditions.
Etching was done using the Aqua regia (3 volume part of hydro chloric acid (75%), 1volume part
of Nitric acid(25%)). The SEM micrographs of the samples were obtained. The images were
taken in secondary electron (SE) mode. This analysis was done by a scanning electron
microscope equipped with Energy Dispersive X-Ray Spectroscopy (EDS) (Model: JEOL 6480

LV scanning electron microscope, JEOL Limited, Japan).

Pty

Fig 17:JEOL JSM-6480LV scanning electron microscope
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3.8 Optical Microscopy:

Microstructures of the compression samples were observed under computerized optical
microscope (Model: Olympus BX51, Essex, UK). The stainless steel samples of different L/D
ratio were mechanically polished using standard metallographic techniques before the
examination. Characterization is done in etched conditions. Etching was done using the Aqua
regia (3 volume part of hydro chloric acid (75%), 1volume part of Nitric acid(25%)). The

micrographs of the samples were obtained.

B
B; :

Fig 18: Computerized Optical Microscope
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3.9 Vickers Hardness Test
The macro hardness tests of all the samples have been done using a Vicker’s hardness testing
machine. The applied load during the testing was 20 kgf, with a dwell time of 10 s. It has a

square-base diamond pyramid indenter. The Vickers hardness number (VHN) is calculated from

the following equation:

where P = applied load, kgf

D = average length of diagonals, mm

Fig 19: Vickers hardness testing machine
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Results and Discussions

4.1 Introduction:

Different tests like compositional analyses, tensile testss, compression test, XRD,SEM etc. were
carried out on the 304L stainless steel samples. The results obtained from these tests are

reported, analyzed and discussed further in this chapter.
4.2 Compositional Analysis:

The following table shows the weight percentage of different elements present in the supplied

304L stainless steel sample.

Table 3: Compositional analyses of the investigated 304L stainless steel.

Element Wt. %
C 0.03
S 0.016
P 0.042
Si 0.533
\Y, 0.068
Al 0.035
Ti 0.019
Cr 18.2
Mo 0.2
Cu 1.05
Ni 7.9
Fe Balance
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The weight percentage of chromium and nickel were found to be 18.2% and 7.9%, which is very
close to 18% and 8% respectively. This suggests that the provided sample is 304L austenitic
stainless steel. And the C% of 0.03%, results in minimization of sensitization and further does

not demand post-welding treatments.

Fig. 20: Microstructure of the undeformed 304L stainless steel sample

The optical microstructure of the investigated AISI 304Lstainless steel is illustrated in Fig. 20.
Typical austenitic grains can be observed from this figure along with presence of annealing twins
at a few places. The grain size is measured using linear intercept method and was found to be
55.73+3.81um. The smaller magnitude of standard deviation indicates that the steel is having

almost uniform distribution of the grains.
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4.3 Results of compression test:

Figure 21 shows the engineering stress-strain relationship obtained after performing the
compression tests for the 304L stainless steel samples of different L/D ratios. The applied load in
the test was restricted to 98kN. It is evident from the plots that the deformation is homogenous
up to about 15% strain for all the specimens after which the lubrication has gradually lost its
effect. So friction has prevailed at the specimen-platen interfaces that have added to increase in
strength values. The percentage deformation achieved varies from specimen to specimen and the

values of maximum strain percentage obtained have been reported in Table 4.

1400
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Fig 21: Engineering stress-strain plots for 304L stainless steel compressed to 98kN load. Values

with the curves indicate different L/D ratios.
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Table 4: Maximum deformation values obtained for compression tested samples

SI. No. L/D ratio Deformation
(Strain %)
1 0.8 34.0
2 1.0 33.0
3 1.2 28.5
4 14 27.5
5 1.6 24.5

From the values obtained in Table 4, it can clearly be stated that as the length increases, keeping
the diameter constant, then deformation obtained will decrease, under the same loading
condition.

The yield strength value has been calculated by offset method (offset =0.2% ) as specified in
ASTM standard E9 and it was found to be around 350 MPa for all samples.

4.4 Strain-hardening exponent and strength coefficient:

If the stress and strain measurements are based on instantaneous measurements, then the curve
obtained is known as a true stress-strain curve or a flow curve as it will represent the plastic flow

characteristics of the material.

The true stress ¢ is expressed in terms of engineering stress s by ¢ = s (1+e)

The true strain is determined from conventional strain € by € = In (1+e)

The flow curve in the region of uniform plastic deformation can be expressed by the simple
power curve relation given as:

o =K ¢€" , where n is the strain-hardening exponent and K is the strength coefficient.
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A log-log plot of true stress and true strain up to maximum load will result in a straight line. The

linear slope of this line is n and K is the true stress at € = 1.0.

1400

True Stress (in MPa)

0.00 0.02 0.04 0.06 0.08 0.10

True Strain

Fig 22: True stress strain plot for the sample with L/D =1.0 compressed to 98kN.
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Fig 23: Linear part of the plastic region of the log-log plot for the sample with L/D = 1.0

compressed to 98kN.
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From the above figure it can be stated that the strain hardening exponent is around 0.223 and the

strength coefficient is 1545 MPa.

In the similar fashion the true stress strain plots were done for the remaining samples, the plots of

which have been merged together as shown below in figure 25.

True Stress (in MPa)
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11-1.0
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V-1.6
0 L] L] L] L]
0.000 0.025 0.050 0.075 0.100

True Strain

Fig 24: True stress strain plots for the other investigated samples compressed to 98 kN. The

values indicate the different L/D ratios.

The strain hardening coefficients and the strength coefficients were determined for the remaining

samples and the values are summarized in the table below:

Table 5: n and K values for samples compressed to 98kN with varying L/D ratios.

L/D ratio Strain hardening exponent (n) | Strength Coefficient (K,MPa)
0.8 0.201 1400
1.0 0.223 1545
1.2 0.257 1670
1.4 0.210 1356
1.6 0.208 1630
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Similar calculations were also performed for sample that was tensile tested with 2% strain rate

up to failure.

1000 =

800 -
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400

True Stress (in MPa)
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0.00 0.04 0.08 012 016 020 0.24
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Fig 25: True stress-strain plot for 304L stainless steel sample with 2% strain rate
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Fig 26: Linear part of the plastic region of the log-log plot for the above sample

Here the strain hardening coefficient was found to be 0.38 in the strain range of 4%-8% used.
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4.5 Microstructural analysis:

Fig 27(b): Microstructure of the deformed 304L stainless steel sample compressed to 98kN with

L/D=1.2
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The highlighted portions in Fig. 27(a), 27(b) show for possibility of transformation induced
martensite. In comparison to Fig. 20, there are no such martensitic regions, which is a clear
indication that considerable transformation has taken place due to tensile and compressive

loading.

4.6 Hardness values:

Table 6: Comparison of hardness values of various test samples

Sample Vickers macro-hardness (20kg load) (VHN)
Undeformed 205+4.6
Deformed by compression L/D=0.8 441
L/D=1.0 405
L/D=1.2 401
L/D=1.4 395
L/D=1.6 395
Deformed by tension 506

From the above table it is evident that deformation significantly increases the hardness values of
the investigated sample. From the compression test results, it can be stated that the hardness
values decrease on increasing the L/D ratios. The increases in hardness values on deformation

are due to the possibility of formation of transformation induced martensite.
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4.7 Quantitative phase analyses from XRD results:

Typical XRD plots of undeformed and deformed specimens are shown in Fig. 28. The diffraction
scan was obtained at room temperature using Cu Ka radiation with scanning angle being varied
between 40° to 120°.

It can be observed from Fig. 28 that only austenite peaks are present in the XRD profile.
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Fig. 28: XRD profile of the undeformed 304L stainless steel sample
Using the same scanning range and step size, the XRD analyses were also carried out for the

different 304L stainless steel samples with varying L/D ratios.

180 o

TIT])

150 =

)
«'(110)

u

120 -

Intensity (a
8

[=2]

=)

]
v(220)

'(200)

40 60 80 100 120

20
Fig. 29(a): XRD profile of the deformed 304L stainless steel sample with L/D = 0.8
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Fig. 29(b): XRD profile of the deformed 304L stainless steel sample with L/D = 1.2
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Fig. 29(c): XRD profile of the deformed 304L stainless steel sample with L/D = 1.6

A few numbers of a'- and e-martensite peaks are present in the deformed 304L stainless steel

samples that have been compressed to 98kN load with different L/D ratios. The individual
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diffracting planes from the fcc austenite, hcp-martensite and bcc martensite can be clearly
identified and are shown in Fig. 29.
The different XRD plots the compressed 304L stainless steel samples with different L/D ratios

can be merged together to be shown in the figure 30 below.
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Fig. 30: XRD profile of the deformed 304L stainless steel samples with L/D ratios of 0.8, 1.2

and 1.6 showing different peaks.

The presence of (002). , (110). and (103). peaks are clearly revealed and indicate the formation
of the hexagonal e—martensite phase during deformation. Additionally the (110), , (200)y ,

(211), , (220), and (310), peaks are present characterizing the bcc-martensite.
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Fig. 31: Variation in martensite and retained austenite phase fractions as a function of strain .

The volume fraction of austenite, e-martensite and o'-martensite phases as a result of deformation
process have been calculated using Eq. (3) as a function of strain. At a closer look, on Fig. 5, it
can be stated that as the strain percent increases, proportion of a'- martensite gradually increases.
However e-martensite being an intermediate phase in the transformation process has an almost

constant volume fraction throughout the strain range used [32].

Das et al. [20] have examined the effect of tensile loading on 304LN stainless steel in terms of
variation of volume fraction of martensite formed as a function of true strain that has been shown
in Fig. 8. A nucleated o’-martensite at the intersection of two shear bands has been shown in
figure 32. The embryo shown in figure 32 is a commonly known a’-martensite formation site in
austenitic stainless steels and is referred as strain induced martensite.

De et al. [3] summarizes the volume fraction of austenite, [1 and [1'-martensite phases as a
function of deformation strain at -50° C under tensile loading for two different grain sizes of the

304L stainless steel that has been shown in figure 33.
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Fig. 32: Formation of a’-martensite (bcc) with zone axis of [-113] in y-austenite (fcc) with zone

axis of [-2 3 3] at the micro-shear band intersection (at strain rate of 1.0 s—1) [20].
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Fig. 33: Variation in martensite & retained austenite phase fraction as a function of
strain at -50°C [3].
The present obtained results have shown similar extent of transformation can take place up on

compressive loading.
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Conclusions

The primary aim of the work was to study the compression behavior of 304L stainless steel and
associated variation in the microstructure of the steel by the formation of martensitic phase.
From the results and their pertinent analyses lead to infer the following conclusions:

e |t has been found that deformation is usually homogenous up to 15% strain for all the
specimens having various lengths to diameter ratios. The effect of lubrication loses and
friction plays a significant role in increasing strength values after the aforesaid strain
value.

e Compressive deformation induces martensite (both o' and - martensite) formation in the
investigated steel which is confirmed by using the results of X-ray diffraction (XRD)
plots.

e Further, the quantitative method used in calculating volume fractions as a result of
deformation reveals an increase in o' phase fraction with increase in percentage
deformation and that of e-martensite phase fraction remains almost constant over the
strain range used.

The future prospect would be to use molybdenum silicide at the specimen platen interfaces and
study its effect in reducing the effects of friction. Further compression test on stainless steel can
be carried out using varying strain rates and at different test temperatures so as to compare its

behavior as-against tensile loading conditions.
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