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Abstract

Mechanical strengths of materials are widely exp@dh general constructions of any building. Theseperties
depend on its formation (cold/hot forming) durirapfication. This research was carried out on coliéd stainless
steel (SS) 304 plates, which were deformed to 0,834 and 152% reduction in thickness. The test®wenducted
using Vickers method. Ultra micro indentation syst@MIS) 2000 was used to determine the mechapicglerties of
the material, i.e.: hardness, modulus elasticityg aesidual stresses. The microstructures showadthening
outcropping due to stress corrosion cracking fosgdcimens. It was found that the tensile residtraks in a specimen
was maximum, reaching 442 MPa, for a sample redu8ips in thickness and minimum; and about 10 MRaafo
196% sample. The quantities showed that the biggestiual stress caused lowering of the proportidinat of
material in stress-strain curves. The proportionatlulus elasticity varied between 187 GPa and otieB15 GPa and
was free from residual stresses.

Abstrak

Independensi Elastisitas pada Tegangan Sisa Plat Baja Tahan Karat 304 Rol Temperatur Kamar untuk Bahan
Struktur. Kekuatan mekanik bahan secara umum sangat dianupada setiap konstruksi bangunan apapun. Sifat
mekanik bahan ini dapat diperoleh bergantung pada pembentukannya (dingin atau panas) selamé&ésiriTelah
dilakukan penelitian pada plat SS 304 rol dingiang dideformasi 0, 34, 84, dan 152% reduksi ketebdPengujian
dilakukan dengan metode Vickers menggunaltéara micro indentas system (UMIS) 2000 untuk menentukan sifat
mekanik material yaitu: kekerasan, modulus eldatisdan tegangan sisa. Struktur mikro untuk senpesimen
memperlihatkan lempengan memanjang akdass corrosion cracking. Hasil memperlihatkan bahwa tegangan sisa
tarik pada spesimen maksimum; mencapai 442 MPa&wdmpel 34% reduksi ketebalan dan minimum; seli€ar
MPa untuk sampel 196% reduksi. Kuantitas ini menkkan bahwa tegangan sisa terbesar mampu menurbakas
proporsional bahan dalam kurva tegangan-regangapoBsional modulus elastisitas bervariasi sekitaara 187 GPa
dan 215 GPa dan nilainya tidak bergantung padadesagangan sisa.

Keywords: cold-rolling, hardness and microstructures, modulus elasticity, residual stress, stainless steel 304

1. Introduction body if all external loads are removed [1]. The rmea
surface residual stresses in engineering compogants
Mechanical material properties are widely expedted be introduced not only during fabrication (welding,

general constructions of any building. The requiata forging, bending, and machining operations), bsib @s

of different shape and thickness in building camndfon a result of deformation during use.

materials leads to the convenience of easy insitallaf

utility service. However, the presence of suchiéation Severe accident analysis in a construction leads to
processing may change the stress distribution mvitné assessment of the behaviour of mechanical and glerm
materials, especially near surface regions. Thasenal responses of the material reactor (vessel, hehbexer,
stresses are called residual stresses. The strasses etc.) and internal structures at higher temperaturae
defined as those stresses that would exist inielsslid case of an austenite to martensite phase trandiorma
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[2] in SS 304 also occurs while rolled at below
crystallization temperature that can significaratler its
structural, mechanical, and thermal material priger

Dissimilar metal joints (welding) between austeniti

stainless steels (SS-304) and carbon steels (SA-516
containing low amounts of carbon are extensively
utiized in many high-temperature applications in

martensite), which can cause a significant changbe
mechanical properties of the material.

The study of microstructures is concerned esséntial
with the ability to distinguish between materiabsvimg
different chemical composition, grain size, anéitation

to distinguish between details separated by onlgllsm
distances. Techniques for revealing microstructure

energy conversion systems (heat exchanger). Higher features are almost all based either on the respohs

temperatures, where
resistance to oxidation are required, are usually
constructed with austenitic stainless steels [3he T
internal stresses around this metal joint mightvbey
high, especially at heat affected zone (HAZ). Ipisne

to be attacked by corrosion.

The stainless steel type 304 [4], which is compasied
(in weight percent) 0.06% C, 1.65% Mn, 0.33% Si,
0.005% S, 8.82% Ni, 17.72% Cr, and 0.40% Mo, has
been a popular corrosion resistant material forphst
60 years. The research results of Huh et.als{gjgest
that phosphate doped polyaniline coating on SSiS@4
strong candidate for corrosion protection of SS 804
acidic chloride environments. The corrosion chaéstic

of the phosphate doped polyaniline films on SSitedu

in not only dramatic increases in both corrosion
potential and film breaking potential, but alsagkaudrop

in corrosion current. In literature [6], it was cefed
that the best results were achieved when bothdpe t
and interfacial oxide layers were removed prioithe
polymer deposition. The mechanism for corrosion
protection was found to be anodic, i.e. the polyami
film withdraws charge from the metal, passivatitg i
surfaces against corrosion.

Among the important compositional modificationsttha
improve corrosion resistance ard) (addition of
molybdenum to improve pitting and crevice corrosion
(i) lowering carbon content or stabilising with eithe
titanium or columbium plus tantalum to reduce
intergranular corrosion in welded materialg) @ddition

of nickel and chromium to improve high temperature
oxidation resistance and strength, ang addition of
nickel to improve stress corrosion resistance. The
equivalent composition of nickel-chromium in the430
stainless steel illustrates that the alloying gtriee
consists of austenite, martensite, and small amofint
ferrite. These alloying elements commonly found in
stainless steels are regarded either as austéaltiiéiser
(Ni) or ferrite stabilizer (Cr). The relative potsn of
each element is conveniently expressed in terms of
either equivalence to nickel or chromium on a weigh
percent-age basis. The type 304 is the generabpearp
grade, widely used in applications requiring a good
combination of corrosion resistance and formablity
This type vyields higher strength on cold rollingol€
Rolling processing of 304 stainless steels candyiel
martensitic transformation [2,8-9},—~ o (austenite to
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increased creep strength andtheir details to incident radiation or on the giyafnd

intensity of radiation emitted by features, when
appropriately excited. The contrast of object iswad
as a bright and a dark field. Refraction effectpbase
boundaries, for instance grain boundaries, may gdan
the light path brightening part of the structuredan
darkening the neighbouring area. The intensityhis t
effect depends on the refractive indices. The searfa
micrographs of cold-rolled 304 stainless steelgdatre
also able to be analysed using the bright and #rk d
region, as a consequence of high and low intertfity
light. However, there are many procedures relevant
measure microstructure and grain size. By using a
microscope, the microscopy is reasonably accufdte.
tendency of sizing statistically significant quaies of
grains has led to the use of automatic image aeedys

In this paper the mechanical properties of specémen
were measured using Hard Vickers Testing and a UMIS
2000 [10] nano-indentation system. Stiffness andress
data of the specimens were obtained from reprebenta
stress-strain curves, loading-unloading of UMISadat
measurements. The empirical curves were generated t
show the residual stress effect on the mechanical
properties of the specimens. Moreover, the micro-
structures were observed using JEOL-35CF.

2. Experiments

Parts of this work-study have been carried out in
Indonesia, while other works were performed in
Australia. The type of SS-304 (JIS) standard sample
chosen to perform the experiments. The study ctatsis
of analytical investigations of the structures lo¢ 304
stainless steel plates, which had been rolled amro
temperature with a reduction rate of 0.1 mm froraub
1.25 cm to the common thickness of high tensilelste
in cold working between about 0.05 cm and 1.01 cm.
These correlated to the percentage of reductiabotit
0%, 34%, 84%, 152%, 158%, 175%, and 196%, namely
by R000, R034, R084, R152, R158, R175 and R196
respectively. The percentages were calculateddyraula;
&%)=100% In(Ty/T) Q)
whereT, is the initial thickness andl is the thickness
after rolling. This specification has been welkradtuced
in optimum design of structures of sheets andaadr
side ports, where higher physical properties ayaasted.

December 2015Vol. 19| No. 3
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The study was also supported by observing the micro
structure. Microstructural topography was obsenvsidg
JEOL-35CF scanning electron microscope at Physics
Department QUT, Australia. The specimens were ipedis
and etched using a mixed-solution of 30 mL HCI, 30
mL HNOs;, and 30 mL HO at a heating temperature
between of 70C to 80°C for 2 minutes on a magnetic
stirrer. This mixture is a strong acid solutionpel the
surface, showing clearly the grain boundaries.

Indentation tests were carried out using both Miske
hardness testing and Ultra-Micro Indentation System
UMIS 2000. All instruments had been calibrated befo
used. The values of given hardness number wereuneebs
at the maximum depth and support the performedystud
This mechanical property was basically dominated by
the effect of nickel content in the 304 stainletsels
which could cause hardening when plastic deformatio
occurs [11], as a result of both strain hardening a
strain induced transformation.

The Vickers hardness test results provide veryestang
information. The principle of this test was basedam
indenter of definite shape that was pressed irgoteist
material under a specified load, and the diagooitke

spherical tipped indentors. Specimens were mounyed
superglue on the magnetic sub-based supplied Wwih t
UMIS 2000. For every specimen, total 11 indentation
were made, and the closest 9 were averaged for fina
determination of mechanical properties. The emgiliric
curves were then developed, and the large data were
collected and stored in a computer.

3. Results and Discussion

Microstructures. The inspection of the microstructures
was performed by using JEOL 35CF SEM, because the
larger depth of field in the instrument was a disti
advantage. Especially, since it could show the re@nt

of surface topography. The grain sizes or localized
attack due to stress corrosion cracking on theisgats
could clearly be observed. The stresses were a érm
failure induced by the conjoint action of tensiteesses
and particular types of corrosive environments. The
stresses were either residual or cracking takeepla@
direction normal to the compressive stresses, often
stress level below the yield strength of the matefihe
crack propagation mechanisms have been theorized
based on anodic dissolution at the crack tip, patsin

at the point prevented by plastic deformation [Ihe

indentation were measured. The hardness number wasprincipal role of plastic deformation was to accale

then calculated by dividing the load by the surfacea

of the impression. In this case, the indenter was a
square-based diamond pyramid with an inclined angle
of 136°. This was because of it approximated the most
desirable ratio of indentation diameter to sphérica
diameter, which was used in ultramicrohardnesss Thi
diamond indenter was well suited to measuring the
hardest material up to VHN 1500. The Vickers hasdne
number was obtained from the ratio of the applaat!

to the surface area of the indentation as in tHeviing
formula:

VHN(Kg/mn?)=1.854P/d? (2)
where P is applied load mass (Kg), ardl is mean
diagonal of indentation measured (mm).

In microindentation test, a force driven micro-nmegical
probe with a spherical diamond indent or having inain
radius of 50um was utilized. The true equivalent radius
over depth penetration was obtained by applying the
expected compliance for standard stainless stdeiafin
properties and a tip radius file generated by d@pplthe
formulated mechanics of deformation for sphericaitact

on a solid. Indentations were performed with defattum

at contact force of 0.1 mN. A maximum indentingctor
of 50 mN was used in all cases. The indentationefor
was systematically varied in a load-partial unlegdle
over 20 steps, and in each case indentation depth w
recorded automatically. The elastic-plastic anayse
were carried out using the associated computergogck
which was based on classical indentation mechasfics

Makara J. Technol.

the dissolution process, where hydrogen ions in the
surface rapidly captured a free electron to become
hydrogen atom. The atom, then, migrated to thekcrac
tip where it was absorbed within the metal lattice,
causing mechanical rupture. This extends the crautt,
further anodic dissolution then occurred on the Igew
exposed surfaces. These features can be seenureFig
1.

The figure indicates the surface micrographs of esom
specimens used in the experiment, taken from texssv
section of plate thickness or perpendicular toirrgll
direction. The increases in martensite volume ioact
can clearly be observed from etching attacks on the
surfaces. The interconnected grains as describedeab
were exhibited from the occurrence of outcropping
inclusions become longer in size as the percent
reduction increased. It was revealed by the presenfc
elongated particles or clusters of second phases
(martensite) in the form of plastic inclusions. $ae
inclusions appeared to dissolve quickly, creatioggl
narrow passages from the end faces into the body of
specimens. These passages did not provide readgsacc
for the ingress of the new acid, and it was thoubht

this gave rise to the formation and concentratién o
hexavalent CP ions [12]. This led to particularly
aggressive corrosion conditions within the passages
intergranular attack proceeded very quickly alohg t
adjacent grain boundaries. The effect is known as
end-grain attack, and it can lead to weight logaesn
excess of experienced in cleaner steels or those
containing shorter inclusion.

December 2015Vol. 19| No. 3
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stiffness approximately healed to initial conditias the
residual stress decreased, leaving the material.

Analysis of the raw data can be represented on a
stress-strain curve. Here, the indentation stress
(hardness) was compiled from the ratio of indeatsti
force to the area of the circle of contact. Thaistwas

a representative strain, which is the ratio of i of

the contact circle and that of the indenter. Its
relationship with the true strain was independentte
Poisson’s ratio and the geometry of the tip. Howgeae
fairly generalized value for the true strain hasrbe
estimated [10] to be about @.Zor a spherical tip
indenter.

Figure 5 shows a typical curve obtained for allthod
specimens. This curve was analogous (but not
equivalent) to stress-strain curves obtained in a
conventional uni-axial test. Again, the hardnesgigitl
here did not exactly correspond to the true yieltis.

1@.8u QuUTGU

Figure 1. End Grain Attacks from Outcropping Indlusions; The relationship between the contact pressure had t

E|Ongated |nc|us'0ns Outcropp|ng on Transverse tl‘ue y|e|d Value depended on a COﬂStraIn faCtOI’
Sections (Perpendicular to the Rolling Directions) determined by the amount of elastic region bendath
on (1) ROOO, (11) RO34, (111) RO84, (1V) R152, (V) plastic deformation. For very ductile metal sucle th
R175 and (V1) R196 Dissolved in Nitric Acid, stainless steel, a constrain factor of 3 was adequa
Chloride Acid and Water in Balanced Fraction.
M agnification: 400x and 2000x 600 -

Hardness. The measured VHN is illustrated in Figure 2 £

and listed in Table 1. The figure shows an increzse % 400 |

Vickers hardness number as reduction in thickness X

increasingly larger. The values were strongly aéfdc ®» 2

by both strain hardening and the formation of mesite o

. . . c 200 |

in the surface specimens. The martensite phase was o

found to be denser than austenite phase. The eaipiri © &

prediction indicated that the more cold reductichs, - © VICKERS regression line

more martensite formation and the harder the nas$eri 0

(shown in Figure 2). 0 20 40 60 80 100 120 140 160 180 200

Stress-strain curves. Figure 3 shows the force Reduction (%)

displacemen_t data obtained for ROOO’_RO34’ R08_4,_ an Figure 2. Hardness Properties of Cold-rolled 304 Stainless
R152 specimens. All of the specimens exhibited Steel Specimens Measured by Vickers Har dness
significant plastic deformation even at relativébw Test

load where the unload data points deviated from the

loading curves. Meanwhile, Figure 4 shows the

variation of elastic modulus with percent reduction for Tabel 1. Hardness of un/-rolled Specimens
the inspected specimens. The value of E (listeCaiole : i

2) settled to reduce from 187 GPa, when the rekidua  SPE&cimens Thickness Hardness
stresses remained in the specimens. The values of Reduction (%) (kg/mnrf)
stiffness decreased significantly as the residtrakses RO00 Unrolled 122
achieved the higher values. This matched the known RO34 34 303
elastic lattice properties of the stainless stpetsnens, R084 84 356
which have been analyzed in X-ray diffraction R152 152 404
technique and Rietveld method [13-14]. It is shoan R158 158 407
the maximum residual stress remained in the spesime R175 175 416
the stiffness tended to reach a minimum value. The R196 196 424

Makara J. Technol. December 2015Vol. 19| No. 3
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Figure 3. Force Displacement Curve Obtained for All of
Tested Specimens

Tabel 2. Modulus Elasticity of un/-rolled Specimens

Specimens Thickness Modulus (GPa)
Reduction (%)
R0O00 Unrolled 187.00
R034 34 147.85
R084 84 162.42
R152 152 171.23
320
280
o 240
o
o ZOOC
@ 160 Z\Q/Q—/Q
> 120
é 80 1 —o— measuring data
40 1

0 20 40 60 80 100 120 140 160 180 200
Reduction (%)

Figure 4. Modulus Elagticity of R000, R034, R084, and
R152 Specimens

The distinctly visible influences of the residuslesses
caused yielding earlier than was assumed if these we
ignored. This feature was displayed in RO00 spegime
They caused reduction in the stiffness of the spens
(see Figure 4). As shown in Figure 5, althoughettfiect
of the residual stresses was relatively not vesgetal,
the residual stresses, nevertheless, lower theoptiopal

Makara J. Technol.
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0.8

0.7

0.6

05

04

R000
R034
R084
R152
regression line

03

02

0.1

Representative Stress (MPa)

0 0.02 0.04 0.06 0.08 0.1

Representative Strain (%)

Figure5. Representative Stress Strain Curve Showing
Effect of Residual Stresses on the Proportional
Limit. It Shows the Residual Stresses caused
Yielding Earlier

limit. The measurements demonstrated how the rakidu
stresses contributed to the stress-strain curtewas
complicated to estimate precisely how far the prepo
tional limit reduced, owing to this information wasly

an analogous of the true stress-strain curves. Menve
the illustrated pictures are able to represeneffext of

the residual stresses in the material. The infdonat
strongly supports an assumption that the elastic
behaviour of the material cannot be predicted ctiyre
without consideration of the residual stresses.[15]

4. Conclusions

The microstructures indicated that the increases in
martensite volume fraction were clearly observeunfr
etching attacks on the surfaces. The interconnegtads
were exhibited from the occurrence of outcropping
inclusions and become lengthening as the percent
reduction increases. The presence of elongateitipart

or clusters of second phases (martensite) in tiva faf
plastic inclusions was apparent. These inclusiewsaled

to rapidly dissolve, forming long narrow passagesf

the end faces into the body of specimens.

Cold rolling caused an increase in hardness of nagte
whereas the mechanical properties measured from the
value of modulus of elasticitf, decreased from 187
GPa, when the residual stresses remained in the
specimens. The values of stiffness reduced sigmifig

as the residual stresses reached the highest values
(R034). As the maximum residual stress (442 MPa)
remained in the specimen, the stiffness tendedte la
minimum value. The stiffness approximately healed t
initial condition as the residual stress left thatenial.

The effect of the residual stresses was relatively
very essential; the residual stresses, howevererkeav

December 2015Vol. 19| No. 3
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the proportional limit. Estimating precisely howr the
proportional limit reduced was very complicated
because the UMIS 2000 information was only an
analogous of the true stress-strain curves. Nesiedh,
the illustrated information was representativelifirtg
about the effect of the residual stresses in theeniah
This information strongly supported an assumptiuoat t
the elastic behaviour of the material cannot belipted
correctly without consideration of the residuaesses.
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