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Synopsis

e The predominant mechanisms
in the degradation of
materials in mines are weatr,
corrosion, and fatigue.

* Material usages in various
parts of the mining operation
- old issues and new
challenges ?

Source: The Journal of The South African Institute
of Mining and Metallurgy, July/August 1996
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Material selection in the mining industry
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Selection of materials for mining equipment

Application Envirsmment

Maserials
Crushing and grinding, Heavy pressure, shock-impact loading Ausienitic manganese stcels (ASTM A128), 4300 series, ASTM AST9 alloy steel, 8600 series.
MLl iners, grates, and abrasion.  Severe gouging, crushing impact and wear,  Austenitic white cast iron, martensitic m;m
resistant plates wet (pH 5-5) ‘chromiuen whitc cast iron, martensitic aickel-chromium white iron, mastensitic med|
chromium.molybdenum sieel, austenitic 6Ma-1ho steel, pearlitic high-carbon steel, pearlstic e
cast iron
Geinding balls (Ref 11, 17) Severe gouging. crushing imp: iz, itic white cast iron, forged (0.3% C) stecl, 4155, Ni-hard type 1, Ni-hard
wet (pH 6-8) type 4
Grinding ods (Ref 11,12) Severe gouging, crushing impact and wewr,  Heal treated alloy steel, 52100 (UNS GS2986), hotrolled ALSI 1095 modificd with 125 Ma, hot-rolled 1093
wet (pH 6-8) with 0.4% Mn
Gearing for mining machinery Wet, lubticated (pH 5-8) wear, light duty  Carburized 1015, 1020, 1022, 1117, 1118, hest sreated 4340, 8645

Wet, lubricated (pH $-8) wear, moderate

duty
Wet, lubricated {pl 5-8) weas, boavy duty

TLosd-hasl-dump equipmen: Wet ( pH 5-8) wear, impact
Percussion drilling tools Wear, impac, gouging (pH 6-8)
facing. Highimpact, wet (pH
Unlubricated metal-to-metal rolling
or sliding

Highly abrasive cooditions, wes (pH 6-8)
Sliding abrasion on cutting edge of drilling
1ools, wet (pH 6-5)
Abrasion at high temperature and
or concsion
Pumps pH (0-13), abradants
pH (B-13), abradants.
pH (0-13), abradants
PH (D-13), abradsnts
pH (D13}, abradants
pH (D-13], abradants
pH (0-13), sbradants
High-tempersture enviroaments

Flotation cells Comasive, pH (0-5)
Paddics Comasive, pH (0-5)
Spirals Abgasive

Classifiers blades

Ore chutes Impact, gouging, sbrasion,
Scrapers Tmpact Toading. goug

Wire rope Carrosive-sbrasive, pH.
Piping Cormosive.abrasive
Scrubbers Off-gas products
Chain canveyors Comosive.-sbrasive

Casburized 8628, 4620, 4615, ar equivalent

Carburized 4820, 4320, 2320, or equivalens; nitrided 4340, 4140, 4350, and 2.5% Cr steel

1020, cast carban steel, cast ausionitic manganese siels {ASTM A128), cast ASTM A 579 sieel, ASTM
AS14 gieel

Carburized 4320, 8620, and 9315; quenched-and-cmpered 4140

Austenitie manganese sieels

Self-hardened, air-hardened steels

High-carbon high-chrormiism white cast iron, high-chromium white cast ion
e -

High-sickel at high-cobalt weld deposits

Type 304 ar 316 stainless stecl, Ni-hard types 1 and 4, 77% Cr white cost irons
Low-carbon, high-manganese seels

Low-allay cast iron

ACICD-4MCu

ACI CF-3M (low carbon for as-welded corrosion resistance)

'AC1 CH-TM {niobivm or titamiurn for as-welded cormasion resistancel

ASTM A48 steel (low carban for as-welded corosion resistance)

ASTM AT43 ar AT4 nickel-bass allay, grade CZ-100

Ni-hard type 1, ype 316 stainless stecl

Fileeglase-reinforced plastic and rubber

i type 1

Ni-had type 4

Ni-hard, nickel-containing mangancse stocl

Caut ASTM AS79 stecl, Ni-bard cast iron, hard cast irons

Kevlar (E.L DuPont de Nemoars and Co., Wilmington, DE), steel wire ro
Type 316 stainless stee], CN-TM, Ni-hard cast irons, rbbes covered fiberglass-reinforeed plastic
High-grade nickel alloys

Plated {nickel. cadmium, or zinc) sieels
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Green Mining ’
Material and Controlling Work organisation ) -
energy efficiency ~ environmental  development Mine fidressing
__ impacts __ projects __ plant pilot
/New mineral g 535
F—— Intelligent and minimal

impact/invisible mining
- Innovative processes

-Exploration
technologies

- Geomodels and geodata (mine, quarry, dressing plant) s "
management - Automation and optimisation % —

- Hi-tech metal resources - Chemical/biological enrichment 7 /f - .
- Beneficiation and use of techniques ~ -‘1,',‘!* ¥

country rock and tailings

L

- Management of process waters

j Mining machinery / equipment ’

Service innovations and new business concepts
Value networks

05-2011 DM 952964 Tekes

Gopyright ® Tekes
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Stainless steels
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The ‘family tree’ of stainless steels

¢ Martensitic stainless steels:

e 12-14% Cr and > 0.1% C (also low-carbon qualities available)

e Corrosion resistance like 12-% chromium ferritic steels

e E.g. for knifes and chirurgic tools

¢ Ferritic stainless steels:
¢ Atleast 10.5% Cr

e 12% Cr, e.g. for exhaust pipes and building & construction

e 17% Cr, e.g. for kitchen machines

e 'Superferritic’ stainless steels (> 20% Cr and Mo), e.g. for high

temperature applications

7
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The ‘family tree’ of stainless steels

* Austenitic stainless steels:
* 17% Cr / 7% Ni - meta-stable stainless steel
18% Cr / 8% Ni - 'ordinary' stainless steel
18% Cr / 10% Ni / 2% Mo - 'acid proof' stainless steel
* High-alloyed stainless steels
* For general applications

e Duplex stainless steels:
e >20%Cr, < 7% Ni, 3-6%, Mo and ~0.2% N
¢ Austenite and ferrite in the steel: about 50:50

e E.g. for pulp & paper, process industry and off-shore
applications
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Schaeffler Diagram and Microstructures

Nickel equivalent=

¢ The Schaefller diagram, here A = 6N+ 05 x M + 30 (4C + %) [—
a version modified by o e ||
. e 1 7
Outokumpu, is traditionally *] r pr——
. ) ] w m ncighbours. 74% close
used to predict delta ferrite s = o !
. 1 4529 ° 6FN
content in weld metal from e i |
chemical composition. ] L 1) wn z :
2 - 4845 e, S
Itmayalso be used to 2 | i
. . 7 \® two-phase structure with ferrite content
characterise stainless steel e B f i g
microstructures (fer.n.tlc, ] o N
martensitic, austenitic) and he N s 7 e
to compare the structural 0 | =<0 .ﬁ
balance in similar grades or O e [ AN 0¥ 2 : el
. R Typical C-steel _\Zé @), /k
casts with the same ) WO P e e ~ .
. . 2 4521 — @® — i .
processing history. O T T o [ [ T ?\Q
2 4 6 8 10 1214 16 18 20 2 24 2% B 30 R /
Chromium equivalent= a
P =%Cr+ %Mo + 1.5 x %Si + 0.5 x %Nb Ferrite (c-iron). Body centeted cubic with
8 atom neighbours. 68% packing.

= Designed fillers
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Important stainless steel grades
EXEREIEIRE IR

1.4003 540977 0.01 11.2

14512 540900 409  0.01 115
PR 14016 S43000 430 0.5 162
CECCON 14510 543035 439 0.02 17.3

14509 43940 441 0.02 180

14521 44400 444 0.02 18.0 2.0

1.4372 520100 201 0.07 6.8 17.2 4.1 0.2

14310 $30100 301  ~0.10 ~167 ~67 ~05
LESCULEEN 14318 S30153 301N 0.02 175 65
grades
IWHORMESN 14301 S30400 304 0.05 182 81
1.4307 $30403 304L  0.02 182 81
14541 $32100 321 0.04 172 91
1.4401 $31600 316 0.04 171 106 20
1.4404 $31603  316L  0.02 170 101 20
LEBCUEEN 14432 $31603 316 0.02 168 106 2.5
grades
WP 14571 S31635  316Ti  0.04 167 106 20
14539 N0O8904  904L  0.01 200 250 43
14547 $31254 254SMO  0.01 200 180 6.1

1.4162 S32101 LDX2101 0.03 5.0 215 1.6 0.3

il 14352 32304 2304 002 233 48 05 I&Wﬂj
grades
14462 $32205 2205  0.02 24 57 3.2
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Product properties of
stainless steels
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Material selection

There are many different grades of stainless steel. As with any
other material choice, selecting the correct grades is a balance
between many factors and requirements:

e Corrosion resistance

e QOperating temperature

¢ Mechanical strength - influences thickness and weight
*  Other mechanical properties (impact toughness, creep resistance, ...)
*  Fabrication and welding

¢ Surface aspects (cleanability, appearance,...)

e Physical properties

¢ Availability, confidence in suppliers

¢ Cost, Life Cycle Cost (LCC), Tooling cost

¢ Recyclability, environmental impacts and benefits

e Legislation, Standards and Approvals

*  Degree of comfort, (risks, insurance)

12
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Passive Layer

Stainless Steel

The Passive Layer

Osigen

* Properties:
¢ Tightand corrosion resistant Source: Acesita
e Contains much chromium (and molybdenum *).
e Only 5-15 nm thick
 Electrically conductive and usually invisible

¢ Growth of the passive layer:
e It grows by itself in air (1 to 3 days) and in oxygen containing water.
It grows anew by itself after the stainless surface had been damaged.
* It becomes stronger with the help of a passivation agent.

* If the steel grade is
molybdenum-alloyed.

13
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Corrosion resistance

@ Pre
B Nikkeli (paino-%)

* The resistance to pitting and crevice
corrosion increases with the content of
chromium, molybdenum and nitrogen 14301 1.4404 14003 14512 14016 14509 1.4521
in the steel. This is often illustrated by oo a0t

PRE (%Cr +3.3 x %Mo + 16 x %N)*

the pitting resistance equivalent (PRE) f;m' ae "f
for the material, which can be st 2
calculated by using 2304 2
the formula: S %
PRE = %Cr + 3,3x%Mo + 16x%N. . - -

¢ The PRE value can be used
for a rough comparison between »
different materials.
¢ Amuch more reliable way of
ranking steels is according to the critical
pitting temperature (CPT).

14
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Corrosion in the mining industry

e Corrosion in the mining industry can be characterized as chemical attack

enhanced by wear

synergy effect: corrosion accelerates wear and wear accelerates corrosion
¢ Mine atmospheres and mine waters vary widely from mine to mine

e Temperature

e Humidity

. pH

¢ Chlorine content

¢ Sulfate ion content

* Dissolved colloidal
consituentsand
suspended solids

* Microbiologijcal organisms

Ore processing
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Strength Classes acc. to EN 1993-1-4: 2006

Strength  Steel grade Rpo2 Proof Ry, Tensile  Elongation
level strength? strength? A min. [%]
[N/mm?2] min. [N/mm?2] min.

2B 1.4003 280 450 20

(S235) 1.4301 230 490 45

1.4401, 1.4571 240 530 40

2B 1.4318 350 650 40

2H+CP350 1.4301, 1.4401 350 700 25
(S355)  1.4571

2B 1.4462 480 660 20

2H+CP500 1.4318, 1.4301 530 850 20

(S460)  1.4401

| 1 Cold rolled strip, t <6 mm

16
13 May 2013

il

5/13/2013



Abrasion wear and stainless steel

* Tallinn University of Technology has, on behalf of Avesta Research Center, performed some
abrasion testing, according to ASTM G-65, on different stainless steels and with two carbon

steels, Hardox 450 and EN 1.0025, as references.
e Theresultsare seenin Figure.

*  Thetesting has been performed
in a dry environment due to

Mass loss in pure erosion conditions ii

the difficulties in maintaining

similar testing conditions

associated with wet testing,

e Thescatteringis low, thus
giving statistically significant
results.

*  Amore relevant measure
would perhaps be volumetric
material loss, however, the

Mass loss [mg]

genera|trend isthe same. Hardox EN 4016 HyTens HyTens 4307

400 1.0025 1000 1800

4404 254 2101 2205 2507
SMO
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Stainless steel for cryogenic service

e Standard austenitic stainless steels are well suited for equipment
handling liquid gases and for other liquids operating at sub-zero

Low temperature impact properties
of Type 304L stainless steel
20

200

temperatures where corrosion resistance is also required. 537,
. & 180
¢ Asthetemperature is lowered the strength of these steels g w0
increase rapidly, whilst ductilityand impact toughnessare K 1694
maintained at a high level as temperature approaches absolut E o
zero. -
100 T T T T T
<250 200 -150 -100 -50 o
Mechanical Properties, Low Temperatures Temperature (°C)
Outokumpu EN EN min. values, MPa and %
steel name No. -196°C —-80°C RT
Rz Ry R, A | Ra R Ry A |Re Ry R, A
4307 1.4307 300 400 1200 30 220 290 830 5 200 240 500 45
4301 1.4301 300 400 1250 30 270 350 860 35 210 250 520 45
4311 14311 550 650 1250 35 360 420 850 40 270 310 550 40
4541 1.4541 200 240 1200 30 200 240 855 35 200 240 500 40
4404 1.4404 350 450 1200 35 275 355 840 40 220 260 520 45
4406 1.4406 600 700 1160 30 380 450 800 a5 280 320 580 40
4429 14429 | 600 700 1180 30 | 380 450 800 30 |280 320 580 35

From EN 10028-7 Annex E
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Ferritic and Duplex grades

Impact Strength (KV). ()

at low temperatures .

200 % 080 0 %0
Temperature (°C)

* Ferritics have minor impact toughness values at low temperatures
because of their high notch sensitivity.

e Structural ferritic stainless steel 1.4003 have superior impact toughness
compared to medium and high chromium ferritics.

e Duplex grades can be used down to temperature ca. - 40 °C.

Impact toughness.
Minimum values according to EN 10028, transverse direction, J Table 3

LDX 2101®* 2304 2205 2507
20°C 60 60 80 B0
-40°C 27 40 40 40

* Values from internal standard, AM 611

19
May 13,2013

Lot

Tensile properties at elevated temperatures.

Austenitic and Duplex grades

at elevated temperature

* Due to the risk of embrittlement,
the duplex steels should not be
used at temperatures above 250-

325T.

Tensile properties at elevated temperatures.

Minimum values according to EN 10028, MPa Table 4
LDX 2101®* 2304 2205 2507
Rlﬂ-! Hm Rlﬂ-! Rm RWJ Rm HMZ Rm
100°C 380 590 330 540 360 590 450 680
150°C 350 560 300 520 335 570 420 660
200°C 330 540 280 500 3156 550 400 640
250°C 320 540 265 490 300 540 380 630

* Values for hot rolled and cold rolled strip according to AM 611

Proof strength R, . MPa, minimum values Table 4a
Steel grade Temperature, °C
100 200 300 400 500
4318 265 185 170 = =
4307 147 118 100 89 81
4301 157 127 110 98 92
4311 205 157 136 125 119
4541 176 157 136 125 Uk}
4306 147 118 100 89 81
Tensile properties at elevated temperatures.
Proof strength R, MPa, minimum values Table 4c
Steel grade Temperature, °C
100 200 300 400 500
4404 530 460 440 = -
4307 410 360 340 - -
4301 450 400 380 380 360
4311 490 430 410 = =
4541 440 390 375 375 360
4306 410 360 340 = =
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High Temperature Stainless Steels

High Temperature

Characteristic temperatures Austenitic Stainless Steel Table 2
Steel grade Maximum Hot Solution Stress relief
service f ing, °C ling, °C annealing
temperature {min. 0.5 h), °C
in dry air, °C
4948 1450 - 1385 B0O 1150 -850 1060 -1110 840 - 900
4878 1440 - 1370 800 1150 - 850 1020 - 1120 840 - 300
153 MA™ 1460 - 1370 1000 1150 - 900 1020 - 1120 9200
4833 1420 - 1350 1000 1150 - 950 1050 - 1150 1010 - 1040
4828 1420 - 1360 1000 1150 - 950 1050 - 1160 1010 - 1040
253 N’IA® 1430 - 1350 1100 1150 - 900 1020-1120 900
4845 1410 - 1340 1100 1150 - 380 1050 - 1150 1040 - 1070
4841 1400 - 1330 1125 1150 - 980 1050 - 1150 1040 - 1070
363 MA® 1410 - 1360 1150 1150 - 880 1100 - 1150 1010 - 1040
e High Temperature
Characteristic temperatures Ferritic Stainless Steel Table 2
Steel Maximum service Hot forming’, °C annealing?, °C
grade temperature in dry air, °C
4713 800 1100-750 750-800
4724 850 1100-750 800-850
4742 1000 1100-750 800-850
4762 1150 1100-750 800-850

! cooling still air. 2 cooling forced air or water.

21
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Outokumpu aids for material selection

ndard Cr-
Stainless Stesls BB D Stainke teel

Data sheets and
brochures

Corrosion Handbook E e

Welding handbook

sttt or anming e
uaryuremssuea saee

Segment and application
brochures
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Public information for Material Selection

Euroinox www.euro-inox.org
* brochures and other publications in local languages
* links to member associations
Nickel Institute (NiDi) http://www.nickelinstitute.org
ISSF www.worldstainless.org

Finnish Constructional Steelwork Association
http://www.terasrakenneyhdistys.fi

Webpages contain useful information, often as downloads

24
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Concluding remarks

¢ For most applications, there are several suitable stainless
steel grades

 Different groups of stainless steel have different properties

* To work out together with the customer the most appropriate
solution, we need to understand the application

* QOutokumpu provides good aids for material selection
¢ R&D can support with more detailed information
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