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» Iron Chromium (Fe-Cr) alloys often with Nickel (Ni)
additions known as stainless steels.

» Theses steels have at-least 10.5% of chromium with
Varying additions of nickel, molybdenum, titanium,
niobium and other elements may also be present.

» These steels “do not rust in sea water”, are resistant to
» o«

concentrated acids”,“do not scale up to temperature of
1100 degree Celcius”
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» The most widely used stainless steel grades are the
Austenitic Cr-Ni 18-8 type steels (EN 1.4301/1.4307)
which is about 50 % of the global production of stainless
steel.

» Ferritic Cr-Steel such as 1.4512 and 1.4016 and
Molybdenum-alloyed Cr-Ni-Mo Austenitic steel
1.4401/1.4404 are the other most used stainless Steel.
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Figure 2: Use of SS in industrialized world
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Figure 3: Use of SS in based on applications
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Mechanical Properties of Stainless
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» Stainless steels are often selected for its corrosion
resistance.

» Strength, High-Temperature Strength, Ductility, Hardness,
Toughness are also important.

» Stress- Strain curves are generally used to visualized the
difference between various mechanical properties.
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_ _ R L-L, .
Engineering strain; e = (A) g e
L flat product je plate and sheet. is the
o thickness of the material. “G" is the

F-Applied Force, Lo-Gauge length before gauge (gage) length.
deformation, L-Gauge length after

deformation

Table 1: Some Examples of gauge length G —

(B) Round tensile test specimen for rod,

bar, forgings, etc., machined to a stan-
Elongation measure | Gauge length flat Gauge length dard size. “D" is the diameter in_the
specimen round specimen reduced section of the specimen. “G" is

A 565* VA, mm 5%Dmm the gauge (gage) length.
Ao 0mm E9m Figure 5: Schematic illustration of
Ay 80 mm rectangular and round tensile
A, = cross section area, D = diameter test specimens
e " i
e —— Anica Steels Limiteg

F
True stress; G = =5 * (1 +e)

True strain; € = In(%) =In(1+e)
o
where O and € are true stress and strain respectively and A is the
actual cross section area after deformation. Figure 7 compares

true and engineering stress strain curves for an austenitic stainless
steel

The end point of these curves is the ultimate tensile strength,

beyond which it is not possible to determine the true stress
strain curve.
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Figure 7: Universal Testing Machine
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The true stress strain curves are for example used to char-
acterize the work hardening of steel, i.e. how much the stress
increases with plastic strain. The amount of hardening depends
on both the composition and the type of steel {@ustenitic, ferritic,
duplex or martensitic). The commonly used work hardening expo-
nent n is defined as

g=K=*g"

where G and £ are true stress and true strain respectively. The
exponent n gives a simple measure of the tendency to work harden
and K is the strength hardening coefficient.

« M
Z:Room Temperature Properties kb

» In terms of mechanical properties, stainless steels can be
roughly divided into four groups with similar properties
within each group: martensitic and ferritic-martensitic,
ferritic, ferritic-austenitic and austenitic. Table 2 gives
typical mechanical properties at room temperature for a
number of stainless steels.
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444 Elit 18-2 390 560 30
S32304 SAF2304 470 730 36
304 18-9 310 620 57
S32654 654 SMO 520 890 55
310S 290 620 50

.......
410 720 52
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» Martensitic and ferritic-martensitic steels are characterised by high
strength and the fact that the strength is strongly affected by heat
treatment. The martensitic steels are usually used in a hardened and
tempered condition. In this condition the strength increases with the
carbon content.

v

Steels with more than 3% chromium and a carbon content above 0.15%
are completely martensitic after hardening. A decrease in the carbon
content causes an increase in the ferrite content and therefore a decrease
in strength. The ductility of the martensitic steels is relatively low.

v

The ferritic-martensitic steels have a high strength in the hardened and
tempered condition in spite of their relatively low carbon content, and
good ductility. They also possess excellent hardenability: even thick sections
can be fully hardened and these steels will thus retain their good
mechanical properties even in thick sections

e effect of cold work ﬂﬁ
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» The mechanical properties of stainless steels are
strongly affected by cold work.

» The work hardening of the austenitic steels causes
considerable changes in properties after, e.g. cold
forming operations.

» The general effect of cold work is to increase the yield
and tensile strengths and at the same time decrease the
elongation.
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» The work hardening is larger for austenitic steels than
for ferritic steels. The addition of nitrogen in
austenitic steels makes these grades particularly hard
and strong: compare 316L and 316LN.

v

The strong work hardening of the austenitic steels
means that large forces are required for forming
operations even though the yield strength is low.

v

Work hardening can, however, also be deliberately
used to increase the strength of a component.
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Table 3 : Response of cold working on Austenetic stainless Steel
to varying degrees.

Grade % Cold work Yield strength Tensile strength
(0.2% offset) MPa MPa
301 10% Cold work 585 1,035
30% Cold work 1,035 1275
50% Cold work 1310 1,445
304 10% Cold work 480 685
30% Cold work 825 860
50% Cold work 1,000 1,100
310 10% Cold work 470 744
30% Cold work 854 965
50% Cold work 1,010 1,145
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Hardness is a measure of how resistant a material is to a perma-
nent shape change when a force is applied. For metals, indentation|
hardness is typically used and measures the resistance of defor-
mation due to a constant compression load from a sharp object
normal to the metal surface. The test measures the critical dimen-
sions of an indentation left by a loaded indenter. Common hard-
ness scales are Rockwell (HRB), Vickers (HV) and Brinell (HB) and
they differ primarily in the shape of the indenter and how the hard-
ness is determined from the indentation shape.
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Brinell Hardness Test The Brinell test for determining the hardness of metallic materials consists of
applying a known load to the surface of the material to be tested through a hardened steel ball of
known diameter. The diameter of the resulting permanent impression i the metal is measured and
the Brinell Hardness Number (BHN) s then calculated from the following formulain which D= dizmeter
of ball in millimeters, d = measured diameter at the rim of the impression in millimeters, and P=
applied load in kilograms,

_ load on indenfing toolin kilograms p
" sfaearezofndentationinsg,nm.~——7rp
AU o)
PO

R
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According to the American Society for Testing and Materials Standard £10-66, a steel ball may be
used on material having a BHN not over 450, & Hultgren ball on material not over 500, or a carbide
ball on material not over 630. The Brinell hardness test is not recommended for material having &
BHN over 630.
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Vickers Hardness Test The Vickers testissimilarin principle to the Brinelltest. The standard Vickers
penetrator is a square-based diamond pyramid having an induded point angle of 136 degrees. The
numerical value of the hardness number equals the applied load in kilograms divided by the rea of
the pyramidal impression: A smoath, firmly supported, flat surface is required. The load, which usually
is applied for 30 seconds, may be 5,10, 20, 30, 50, or 120 kilograms. The 50 kilogram load i the most
usual. The hardness number is based upon the diagonal length of the square impression. The Vickers
testis considered to be very accurate, and may be applied to thin sheets as well as to larger sections
with proper load regulation.
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Rockwell Hardness Test The Rockwell hardness tester is essentially a machine that measures hardness
by determining the depth of penetration of a penetrator into the specimen under certain fixed
conditions of test. The penetrator may be either a steel ball or a diamond spheroconical penetrator.

The hardness number is related to the depth of indentation and, as the number is higher, the harder
the material.

Aminor load of 10 kg is first applied, causing an initial penetration; the dial s set at zeroon
the black-figure scale, and the major load is applied. This major load is customarily 60 or 100
kg when a steel ball is used as a penetrator, but other loads may be used when necessary.

After the major load is applied and removed, according to standard procedure, the reading
is taken while the minor load is still applied.

Table 4: Comparison of Hardness Scale for testing

P Annica Steels Limited
Applications
Minor [Major
Scale |Indenter | Load | Lo Testing Application
(kgf) | (kg
HRA | Do | 10 | 60 Cemented carbides, thin steel and shallow case hardened steel
HRB | 1/16" ball| 10 100 Copper alloys, soft steels, aluminum alloys, malleable iron
Brale Steel, hard cast irons, pearlitic malleable iron, titanium, deep case hardened
HRC | piamond | 10 | 150 steel and other materials harder than 8100
HRD | pBrae s [ 10 | 100 | Thin steel and medium case hardened steel and pearlitic malleable iron
HRE |1/16"ball| 10 | 100 Cast iron, aluminum and magnesium alloys, bearing metals
HRE [1/16"ball| 10 | 60 Annealed copper alloys, thin soft sheet metals

. Phosphor bronze, beryllium copper, malleable irons. Upper fimit G92 to
HRG | 116" ball| 10 | 150 avoid possible flattening of ball

HRH | 1/8"ball | 10 60 Aluminum, zinc, lead
HRK | 1/8" ball 10 150
HRL | 1/4"ball | 10 60

HRM | 1/4" ball 10 100 £
. Bearing metals and other very soft or thin materials, including plastics. Use!
HRP | 1/4%ball | 10 | 150 the smallest ball and heaviest load that do not give anvil effect.

HRR | 1/2" ball 10 60
HRS | 172" ball 10 100
HRV | 1/2" ball 10 150
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Rockwell Diamong |  Brinell Hardness Number [ Rockurell Hardness RockwelSuperfcal ardness | ~~"™"™"
Scale pyramig |_10-mm Ball, 3000-kgf Load Number Number Superficial Diam, Penetrator|
Hardness Hardness |SenderdBell | Huigen | Tungeen | Ascok 6ol Dl 1004g7 1545t 3MUSce | <5sake
bk o | | el | e
68 940 - 86 79 932 e 54
67 900 —~ 8.0 6.1 923 85 4.2
66 865 = us 754 925 2s 13
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64 800 1 84 133 918 811 no
63 m 705 828 730 914 801 689
62 T4 688 823 722 911 793 688
61 il 670 818 ns 9.7 84 61.7
60 697 613 654 812 07 902 A 6.6
59 674 599 634 80.7 699 893 6.6 65.5
58 653 587 615 8.1 692 893 B7 643
57 633 575 595 796 685 883 8 63.2
56 613 561 577 790 617 83 1Y 620
5 595 546 560 785 66.9 813 B0 60.9
54 51 534 543 780 66.1 874 o 598
53 560 519 525 74 654 8.9 n2 585
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362 62| 2 699 si6 | 799 a9
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327 27 | 327 629 sis | 717 2

31 a9 | 319 24 sos | 712 61

an | 668 500 | 765 349

301 o0 | 301 663 a2 | 71 37

20 24 | 294 658 asa | 755 25
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275 29 | 219 647 a0 | s 301

m m | 63 a1 | 7 289
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Fatigue properties as
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» During cyclic loading stainless steels, as other materials,
will fail at stress levels considerably lower than the tensile
strength measured during tensile testing.

» The number of load cycles the material can withstand is
dependent on the stress amplitude.The life time, i.e. the
number of cycles to failure, increases with decreasing load
amplitude until a certain amplitude is reached, below which
no failure occurs.

» This stress level is called the fatigue limit.

10
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» In many cases there are no fatigue limit but the stress
amplitude shows a slow decrease with increasing number
of cycles.

» In these cases the fatigue strength, i.e. the maximum
stress amplitude for a certain time to failure (number of
cycles) is called the fatigue strength and it is always given
in relation to a certain number of cycles.
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» The toughness of the different types of stainless steels
shows considerable variation, ranging from excellent
toughness at all temperatures for the austenitic steels to
the relatively brittle behaviour of the martensitic steels.

» Toughness is dependent on temperature and generally
increases with increasing temperature. One measure of
toughness is the impact toughness, i.e. the toughness
measured on rapid loading.

5/1/2018

P A4y
o Wa

Annica Steels Limited

» Figure 9 shows the impact toughness for different
categories of stainless steel at temperatures from -200 to
+100 °C.

» It is apparent from the diagram that there is a
fundamental difference at low temperatures between
austenitic steels and martensitic, ferritic and ferritic-
austenitic steels.

11
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FIGURE 9: IMPACT TOUGHNESS FOR DIFFERENT TYPES OF STAINLESS
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» The martensitic, ferritic and ferritic-austenitic steels are
characterised by a transition in toughness, from tough to
brittle behaviour.

» For the ferritic steel the transition temperature increases
with increasing carbon and nitrogen content, i.e. the steel
becomes brittle at successively higher temperatures.

» For the ferritic-austenitic steels, an increased ferrite
content gives a higher transition temperature, i.e. more
brittle behaviour.

M
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» Martensitic stainless steels have transition temperatures
around or slightly below room temperature, while those
for the ferritic andferritic-austenitic steels are in the
range 0 to - 60°C, with the ferritic steels in the upper
part of this range.

v

The austenitic steels do not exhibit a toughness transition
as the other steel types but have excellent toughness at
all temperatures. Austenitic steels are thus preferable for
low temperature applications

12
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Figure 10: Testing Setup for Toughness Tests
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=Effect of pH level on fatigue strength isseti
» The fatigue strength is sensitive to the service environment
and under both cyclic loading and corrosive conditions,
corrosion fatigue, the fatigue strength will generally decrease.
In many cases there is no pronounced fatigue limit, as
observed in air, but a gradual lowering of the fatigue strength
with increasing number of load cycles. The more aggressive the
corrosive conditions and the lower the loading frequency the
higher the effect of the environment. During very high
frequency loads there is little time for the corrosion to act and
the fatigue
Properties of the material will mostly determine the service
life. At lower frequencies the corrosive action is more
pronounced and an aggressive environment may also cause
corrosion attacks that will act as stress concentrations and
thus contribute to a shorter life.

v

M

Annica Steels Limited

» Alower pH,i.e.a more aggressive condition, gives a lower
fatigue strength. Comparison of the two austenitic steels
shows that the higher alloyed grade, 316LN, that has the
higher corrosion resistance also has a higher corrosion
fatigue strength.

13
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-¥ -~ The-high- temperature strength-of various steel-grades-is-----------
illustrated by the yield strength and creep rupture strength
curves in Figure 12.

Temperature (°C)

FIGURE |2: ELEVATED TEMPERATURE STRENGTH OF STAINLESS STEELS. THE DASHED LINE SHOWS THE YIELD STRESS OF SOME

VERY HIGH ALLOYED AND NITROGEN ALLOYED AUSTENITIC STEELS.
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¥ “Ferritic steels havé réfatively high stréngth up to 500°C. The ¢reep strength, which
is usually the determining factor at temperatures above 500°C, is ?ow. The normal
ugper service temperature limit is set by the risk of embrittlement at temperatures
above 350°C. However, due to the good resistance of chromium steels to high
temperature sulphidation and oxidation a few high chromium grades are used in the
creep range. In these cases special care is taken to ensure that the load is kept to a
minimum.

The ferritic-austenitic (duplex) steels behave in the same way as the ferritic
steels but have higher strength. Thecreep strength is low. The upper service
temperature limit is normally 350°C due to the risk of embrittlement at higher
temperatures. Most austenitic steels have lower strength than the other types of
stainless steels in the temperature range up to about 500°C. The highest elevated
temperature strength among the austenitic steels is exhibited by the nitrogen
alloyed steels and those containing titanium or niobium. In Figure the elevated
temtemture strengths of most of the ordinary austenitic steels fall within the
marked area. The dashed line represents the elevated temperature strength of a few
high alloyed and nitrogen alloyed austenitic steels. In terms of creep strength the
austenitic. Stainless steels are superior to all other types stainless steel.

14
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Figure 13: Creep strength for austenitic and
ferritic steels.
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The alloying elements each have a specific effect on the
properties of the steel. It is the combined effect of all the
alloying elements and, to some extent, the impurities that
determine the property profile of a certain steel grade.

» Chromium (Cr)

This is the most important alloying element in stainless
steels. It is this element that gives the stainless steels their
basic corrosion resistance. The corrosion resistance
increases with increasing chromium content. It also
increases the resistance to oxidation at high
temperatures. Chromium promotes a ferritic structure.
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-»--Nickel (N#)-

The main reason for the nickel addition is to promote an austenitic structure. Nickel
generally increases ductility and toughness. It also reduces the corrosion rate and is
thus advantageous in acid environments. In precipitation hardening steels nickel is
also used to form the intermetallic compounds that are used to increase the
strength.

» Molybdenum (Mo)

Molybdenum substantially increases the resistance to both general and localised
corrosion. It increases the mechanical strength somewhat and strongly promotes a
ferritic structure. Molybdenum also promotes the formation secondary phases in
ferritic, ferritic-austenitic and austenitic steels. In martensitic steels it will increase
the hardness at higher tempering temperatures due to its effect on the carbide
precipitation.

» Copper (Cu)

Copper enhances the corrosion resistance in certain acids and promotes an austenitic
structure. In precipitation hardening steels copper is used to form the intermetallic
compounds that are used to increase the strength.

15
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+ Hanganese (o)

Manganese is generally used in stainless steels in order to improve hot ductility. Its
effect on the ferrite/austenite balance varies with temperature: at low temperature
manganese is a austenite stabiliser but at high temperatures it will stabilise ferrite.
Manganese increases the solubility of nitrogen and is used to obtain high nitrogen
contents in austenitic steels.

Silicon increases the resistance to oxidation, both at high temperatures and in strongly
oxidising solutions at lower temperatures. It promotes a ferritic structure.

» Carbon (C)

Carbon is a strong austenite former and strongly promotes an austenitic structure. It
also substantially increases the mechanical strength. Carbon reduces the resistance
to inter-granular corrosion. In ferritic stainless steels carbon will strongly reduce
both toughness and corrosion resistance. In the martensitic and martensitic-
austenitic steels carbon increases hardness and strength. In the martensitic steels an
increase in hardness and strength is generally accompanied by a decrease in
toughness and in this way carbon reduces the toughness of these steels.
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» Nitrogen (N)

Nitrogen is a very strong austenite former and strongly promotes an
austenitic structure. It also substantially increases the mechanical strength.
Nitrogen increases the resistance to localised corrosion, especially in
combination with molybdenum. In ferritic stainless steels nitrogen will
strongly reduce toughness and corrosion resistance. In the martensitic and
martensitic-austenitic steels nitrogen increases both hardness and strength
butreduces the toughness.

» Titanium (Ti)

Titanium is a strong ferrite former and a strong carbide former, thus lowering
the effective carbon content and promoting a ferritic structure in two ways.
In austenitic steels it is added to increase the resistance to inter-granular
corrosion but it also increases the mechanical properties at high
temperatures. In ferritic stainless steels titanium is added to improve
toughness and corrosion resistance by lowering the amount of interstitials
in solid solution.

M
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» Niobium (Nb)

Niobium is both a strong ferrite and carbide former. As titanium it promotes a
ferritic structure. In austenitic steels it is added to improve the resistance
to inter-granular corrosion but it also enhances mechanical properties at
high temperatures. In martensitic steels niobium lowers the hardness and
increases the tempering resistance.

» Aluminium (Al)

Aluminium improves oxidation resistance, if added in substantial amounts. It is
used in certain heat resistant alloys for this purpose. In precipitation
hardening steels aluminium is used to form the intermetallic compounds
that increase the strength in the aged condition.

» Cobalt (Co)

Cobalt only used as an alloying element in martensitic steels where it
increases the hardness and tempering resistance, especially at higher
temperatures.

16
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» Vanadium (V)

Vanadium increases the hardness of martensitic steels due to its effect on the type of
carbide present. It also increases tempering resistance. Vanadium stabilises ferrite
and will, at high contents, promote ferrite in the structure. It is only used in
hardenable stainless steels.

» Sulphur (S)

Sulphur is added to certain stainless steels, the free-machining grades, in order to
increase the machinability. At the levels present in these grades sulphur will
substantially reduce corrosion resistance, ductility and fabrication properties, such
as weldability and formability.

» Cerium (Ce)

Cerium is one of the rare earth metals (REM) and is added in small amounts to certain
heat resistant temperaturesteels and alloys in order to increase the resistance to
oxidation and high temperature corrosion.
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» The effect of the alloying elements on the structure of
stainless steels is summarised in the Schaeffler-Delong diagram
(Figure 14). The diagram is based on the fact that the alloying
elements can be divided into ferrite stabilisers and austenite-
stabilisers

» Chromium and nickel equivalents in the Schaeffler-Delong
diagram are used to explain the effects of alloying elements:

» Chromium equivalent = %Cr + 1.5 x %Si + %Mo

» Nickel equivalent = %Ni + 30 x (%C + %N) + 0.5 x (%Mn +
%Cu + %Co)

Nicauivalont = %NIT30(%Cr%N)+0.5(%Mn+%Cur%Co)
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