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Recent Development in Steels for Ice Breaking Ships and
Ice Strengthened Off Shore Structures
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Table 1. Ships for ice covered waters.

P Ice breaking Ice breaking Ice strengthened
Main ice breaker cargo, tanker supply-tug vessel ships
Role - Opening the passage inice | - Mass transportation of - Supporting services for - Miscellaneous
covered water for ships natural resources from exploration and develop-
not ice strengthened arctic area by selfpropelled ment activities in ice cov- no active ice breaking
- Rescueing, securing of navigation ered area activity but ice strength-
passages and supporting ex. ice breaking, guiding, ened to some extent to
services for the activities (supplying services for drill navigate ice water
in the arctic and antarctic ships in Beaufort Sea
area
Owner Navy. Coast guard Private companies
Approximate -
displacement =5000t =20000t 3000~6000 ¢
Example - Arktika (6.5) + Manhattan (6) . Kigoriak (4) - CGANMAR EXPLORER
- Potar Star  (6.2) - Tankers with D. W. « Tkaluk (4) No. 1~No. 4
- Shirase (4.1) more than 100000 t - Ore carriers in Great
- L. St Laurent (3.9) being planned for Lakes
Canadian arctic sea - Dredgers - Burges
Main materials Gr. D, E, DH, EH, Gr. EH36M, EH36, Gr. A~E, AH~EH, Gr. A~D, AH,
for hull CG-A 537TM DH36 EH36M A514
HYB80 etc.

( ) Canadian ASPPR Arctic Class of each ship

Table 2. Comparison of main ice breakers?.

. . . L. St . Almirante| J. A. Pierre -
Name Arktika [Polar Star [ Lenin Ermak Shirase Taurent Moskva | Glacier Irizar l\:{ ¢Donald| Radisson Fuji
Length (m) | 139.9 121.6 135.2 135 134 111.8 122.1 94.7 119 96.0 98.1 100
Breadth (m) 30 25.5 27.6 26 28 24.4 24.5 22.6 25 21.3 19.5 22
Depth (m) 17.2 13.2 16.1 16.7 14.5 13.1 14 11.7 — 12.5 10.8 11.8
Displacement ( t }| 23 460 13190 19 240 20241 {4 19000 13800 15 360 8584 14 000 9307 8311 9120
Power  (ps) | 75000 ‘gggg{g-% 44000 | 36000 | 30000 | 24000 | 22000 | 21000 | 16200 | 15000 | 13600 | 12000
Pmpul:lyc;r:em 1 3 1 2 2 4 2 2 2 2 2 2
Power/Disp. 3.20 4.55 2.29 1.78 1.70 1.74 1.43 2.45 1.16 1.61 1.64 1.49
Arctic class 6.5 6.2 4.9 4.6 4.1 3.9 3.8 3.8 3.2 3.2 3.2 2.9
Nationality USSR USA USSR USSR | JAPAN [CANADA | USSR USA Algentina [CANADA |CANADA | JAPAN
Build 1974 1976 1959 1974 1982 1969 1960 1955 1978 1960 1978 1965
Sisters Sibir Polar sea [Admiral Lenin Gradj Franklin
(1975) (1977) Makarov (1962) (1979)
: (1975) Kiev(1966)
Krasin Murama-
(1976) nsk (1968)
Vladivo~
stok (1969)

1. nuclear - steam - electric 2. diesel - electric 3. diesel - electric - gas turbine 4. steam - electric
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Photo. 1. Ice breaking supply vessel “IKALUK”.
(ASPPR 4. Displacement 3800t )
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CDU (Conical Drilling Unit)

MAC (Mobile Arctic Caisson)

Photo. 2. Examples of arctic rigs (from Gulf Ganada Resources Inc).
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~ : thickness (mm)
HT : high strength steels
/) - ice-belt

Fig. 1. Ice-belt configurations?),
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Structures
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(1) Controlled Stiffness Arctic Cone (2) Arctic Mobile Drilling Structure (3) Mobile Arctic Gravity Platform
(4) Arctic Production Monocone (5) Tecnomare Steel Gravity Platform (6) Conical Drilling Unit (7 ) Round
Drill Ship (8) Arctic Drill Hull (9) Ice-Cutting Semi-Submersible Drilling Vessel (10) Pneumatically Induced

Pitching System

Fig. 2. Working depth of arctic rigs?.

Table 3. Performances required to steels for arctic
application.

Item Requirements

Low temperature

To keeP sufficient level of toughness below
toughness

—40°C in base metal and weldments

Strength and To preserve sufficient strength against ice

thickness pressure and impact load
. To secure low hardenability and low suscepti-
Weldability bility to cold cracking even for the repair
welding under the arctic climate
To have high resistance to errosion/corrosion
Others attack in arctic sea

To have high resistance to low temperature
fatigue and corrosion fatigue
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HRT 20D 5.
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Fig. 3. Diagram indicating at which temperature
the Charpy-V energy in the impact test must be
higher or equal to 27 J for a given steel in ser-
vice at a design temperature T in a given thick-
ness2),
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Table 4. Charpy V-notch impact toughness
specification for steel platestd),

Grade Section size _Cv(&
( Joules) (ft.~1bs.)
1 >6mm(1/4 in.), <38 mm (1.5 in.) 20 15
>38mm (1.5 in.) 27 20
I >6mm(0.25 in.) 34 25
m Special consideration depending on — —
usage and specific steel properties.

Notes to Table 4

(1) Test Temperatures

(a) For structural members and joint cans which are fracture
critical, which experience an unusually detrimental combina-
tion of stress concentration, rapid loading, cold working,
restraint and thickness, the impact test guidelines of Table
C-3 should be met at test temperatures to —30°C. For
service temperatures below —30°C, test temperatures should
be specially considered.

Grade

I, I 30°C (54°F) Belom
minimum service

Test Temperature Service Temperature

As determined

temperature

m —40°C (—40°F) 0°C ( 32°F)
—50°C (—58°F) —-10°C ( 14°F)
—50°C (—-58°F) ~20°C (— 4°F)
—60°C (—76°F) —30°C (—22°F)

(b) For structural members and joint cans which are to sustain
significant tensile stress and whose fracture would pose a
threat to the survival of the structure, the impact test guide-
lines of Table C-3 should be met at test temperatures as

given below:

Grade ‘Test Temperature Service Temperature

1, I 10°C (18°F) Below As determined
minimum service
temperature

m —30°C (—22°F) 0°C ( 32°F)

—40°C (—40°F) —10°C ( 14°F)
—40°C (—40°F) -20°C ( 4°F)
—50°C (—58°F) —30°C (—22°F)

(c) For primary structural members subjected to significant ten-
sile stresses and whose usage warrants impact toughness tes-
ting, the impact test guidelines of Table C-3 should be met
at the following test temperatures:

Grade Test Temperature Service Temperature

I, I At service temperature As determined
m (see note lb)

(d) For structural members which are sufficiently structurally
redundant so that their fracture would not pose a threat
to the survivability of the structure, the toughness criteria
specified for (c) above may be replaced by a demonstra-
tion that the materials used in such cases are appropriate
for the loading conditions, loading rates, and temperatures
encountered in service.

(2), (3) Omitted

BT, B4 OFKZ LV — FIFHE UK E M E S
WREx ZEEOMEIT OV TRE L it B4 Table 5
TR0, —RBIEK 7 v — FE L I B MK o
LU e bd, iE, ERIBENTs. Zotd
BEHMAE < 33 x5 B TRXFCILERISOME
BRREARTHE. KMoORks v —%<ix EH 36
WA HALCHIRERBDTEL 725 Z LBRBFHITTFH
TE%. L LEBRCHEREORVMEEERTS &, &

Table 5. Ice strengthened bow plating thickness
for three representative ships4).

Plating thickness [in]
Rule or Class
regulation Polar Star* MV Arctic** Arctic Tanker***
(3=26 in.) (s=33 in.) (s=40 in.)
Canadian 1 1.22 1.55 2.36
ASPPR 10 2.98 3.80 4.56
Ice C 0.69» 1.00% 1.00%
Det norske | Tcebreaker | 1.380 0.859 3.170
eritas Arctic
Icebreaker 1.79v 1.11®» 4.120
* Displacement at DWT (L.T.) : 11000, SHP : 60000
ok 2 : 36636, ~ :14770
i 4 : 370800, # :210000
1) Frame spacing=13ins. 2) Frame spacing=20ins.
3) ” =12ins. 4) ” =27 ins.
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stz EH 36 Ry » v 7 » 7Y SigE
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kgf/mm? [ EOFEREE M 2 AHLEE L OTE
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Table 6. Typical material specifications with Charpy impact test temperature below —40°C.
. Ultimate . Charpy impact test
Heat Yield strength < Elongation -
Grade Code treatment (kgf/mm?) tex&x;? /s;;r:::jgth (%) Temperature Energy Remarks
(°C) (kgf-m)
Ship
E Classification Nor =24 41~50 =22 ~40 =2.8
EHS32 S AB Nor =32 48~60 =2 ~40 =3.2
LR, NV
EH3 BV etc. Nor =36 50~63 =21 —40 =3.5
CG-537M USCG* Nor =35 49~63 222 —50 =2.8 Cus0.35
A587- 1 Nor =35 49~63 =22 —60 =22.1 =B
Mo=0.08
A537-1 ASTM QT =42 56~70 =22 —60 =2.1 =
V 0.04/0.11
A633-E Nor =42 5670 =23 —60 =2.1 N 0.01/0.03
Cr 1.0/1.8
HY80 QT =56 =70 =20 —84 =26.9 Ni 2.0/3.25
US N Mo 0.2/0.6
avy Cr 1.0/1.8
HY100 QT =70 =81 =18 —84 =6.9 Ni 2.25/3.50
Mo 0.2/0.6

* United States Coast Guard ** transverse direction

Table 7. Specifications for EH36 Mod. steels.

X Maximum Tensile test V notch Charpy test
Ships/Structure thw?;e:;) Yield strength g::;ii.;atsften gth Elongation Test temperature  Absorbed energy
(kgf/mm?) (kgf/mm?) (%) ¢C) (kgf-m)
IKALUK 38 =36 50~-62 =21 -50 7
Mobile Arctic 50~-6!
Caisson 50 =36 2 =21 —~60 3.5
Table 8. Comparison and evaluation of several processing routesls),
TMPH
Manufacturing Process Norv QT» CR» DQT®
Without C.C.®) Without C.C.%»
L Strength X @) A @] O ©
- & Toughness A O O © O O
s 23 Weldability A [@)] O (@] ] @]
'8 =]
2 N
& Alloy Conservation X © A () ] ©
Available Range of Thickness (@) O X A O O
= On Line Processing X X ®) O O A
"é Construction Cost X X o) O A A
[
& o | Energy Conservation X X (@] O © o
5 & [ Productivity X X O A O O
g_.. Stability ) © o} o e} o)
Total Evaluation X A O (¢} © ©
High cost, High perfor- Product range High perfor- Most Rationalized
Comments lowproduc- mance, but limitted mance, low cost, attractive process for
tivity bigh cost, by mill but low
lew produc- capability productivity

tivity

1) Normalizing 2) Quencling & Tempering 3) Controlled Rolling 4) Thermomechanical Processing
5) Controlled Cooling 6) Direct Quencling & Tempering

4.
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(a) Conventional Processes
1600

{(b) Thermomechanical Control Processes (c)Thermomechanical Control Processes with Controlled Cooling

Conv. High Reheating
1400} Roling CR  Low Reneoting

\\\ nk

Tempercture

1200} L Tsmpermure

10001

Secondary

CRI

Low Reheating Temp.
CR &
Controlled  Cooling

Conv Rolling & CR 8
Controlied Cooling Controlled Cooling

CR2

High FT LowFT Rolling

Heating 8 Rolling
[ cr [
CR 2 R
CR3
600f \ \ 3|
400} L
2001 Duol Phase I

o
Fig. 4. Schematic presentations of various manufacturing processes for steel plates!),
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5 1o ’::::;/// 7 = sop 7 ////}y
Co frofied
g / ( B S 38— go gxn Q7
= . . s o 2 3¢
O 5 10 1B 20 25 P
o 32t
°C /sec

Cooling Rate,

Fig. 5. Effect of cooling rate after controlled
rolling on strength and toughness?®),
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Ceq. (WES)
Ceq.= C +Si/24+Mn/6 1+ Cr/5
+ Mo/4 +Ni/40 +V/14

Fig. 6. Comparison between controlled cooled
materials and normalized materials on Ceq. vs
properties relationships?s).
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Table 9. Causes of and countermeasures to the embrittlement of heat affected zone of

high heat input welding?2e).

Counter measures to Embrittlement
Cause of
Factors s Steels
E k t
mbrittlemen Metallurgical Practical
fine distribution of stable - Al-killed
grain size coarsening of y grains constituents at bigh Distribution of fine TiN steels for low temperature
temperature serirce
- A - - HT-50
formation of fine - distrifution of TiN, BN, . HT60
F+P REM and Ca consituents
: as nucleous of a from 7
g)ari?:iit‘:on of upper + lowering Ceq.
icro-struct . . S—
micro-structure ég:;?&gnon of martensite to decreasemartensite - lowering C9%, Ceq. - HT-60
island in bainite -
- lowering Si% - HT-80
formation of lower - to increase hardenability - HT-80
bainite by adding Ni. Cr, Mo etc. | - HT-100
- to decrease impurities - to decrease P, S, N - all steels
:ﬁ:ﬁ_‘i‘:es of — - addition of element which | - addition of Ni - HT-80
increases toughness - HT-100
16
a8 ol 8 Wi I
° o ~ s / i treated
5 b 4k 4
14 & - ; ,u treated ros
A
°
€2l o 24a < 4 -
x ¥4 / © Tifree
> a »? A& 7 o °
& a ° // o °
slOr L o ¥, 1 ¢ * T
ry a
5 o o //o i & ow
5 - .
- - -
13 o ° o o,
a 'y 4 F o 4
g ° / o X
) o & >
24 o 1F o2 .
4 -y % |04 Tifree
~° / |ea Ti-treated
L 4L 0@ i3-I6' oceas <30ppmN ] .
2" Welding: large electrode distance SAW aa |7-2t oeas 31-40ppm N Fig. 7. Effect of Sol. Al content on
 {Hoot Tput 7261045 KJ/cm) . : S#pk 41-a5pom N HAZ toughness; notch position: (a)
1 ] L .
O 002 003 004 005 006 O 002 QO3 004 005 006 bond, (b) HAZ lmm3D. (Al killed
(9) Sol. AlL% (b) Sol. Al, % steel for low temperature service)
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Fig. 8. Free N content v. CVN 509, FATT of
synthetic HAZ32), (Al killed steel for low tem-
perature service)
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Mefli% Table 10 ~ 12 \/R3. HBORDIEERDLL
Mo BEEHMS AERC RIATWS. EREECEL
Tt Mtk S WRAEM: o —F] & LT COD BB R%
Fig. 11 &, % 7= etk XBUEREIRSEO - LT
—EIERREE & Fig. 1220 g Rnd. BHEEKOHW
M R 510k i L FEBELGT BT 5
WER Y » M E—RBERY Table 13 wiR3. ¥ic
AZL 70 ~ 100k]/cm D47 =— F7 — 7 BEHFO

Aimed Chemical Composition (wt .%)
C Si | Mn P S Cu | Ni [Solal] N |Ceq®
0020:0002 00040
Ce 007|030 | 1.50 020 | 0.35| 0060 036
=4 N o35 max | max max Through Thickness
% :0357.,. r Ceq=C+Mn/6+(Cu- Ni)/15«(Cr+Mo+V) /5 Reduct‘lon Area
Plate Thickness 190~500mm
ys N=4l4 Is N=z414
X =43.2kgf /mm? X =53.6kgf/ mm?
0=2.7 kgf/ mm? 0 =18 kgt /mm? o= N=242
) =79.2%
! 0 =41%
0 45 50 50 55 60 I !
o, 2 &4 4 J
(%) x10 kgf / mm? kgt / mm?
Absorbed Energy(Ave.) (ZmmV Charpy,Test Temperature ; -60°C) l
Longitudinal Direction Transverse Direction
N=4l4 N=414
X=341 kgf-rn X =309 kgf-m i
¢ =29 kgf-m d =54 kgf-m
A A —-l
15 20 25 30 35 40 15 20 25 30 35 40 80 70 80 90
(kgf-m) (kgf-m) (%)

Fig. 9. Histograms of mechanical properties of EH36 Mod. steels, manufactured by TMP

with controlled cooling.
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Aimed Chemical Composition (wt%%)
¢ [si|Mn]| P | s |culNi|Nb|Sotal
0.14 {045 |1.50|0028[0008 4,51 520 | 0.03]0040
max| max
Ceq ¥s N=202 15 N=202
N=202 {)‘(:1.2.53kgf/mm2 — {i(:f.e.zakgummz
v _ . =177 kgf/ mm? d=142kgf/mm?
X=0431% ’_t— -
6=0012% [ |
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i 6= 2.79% 6= 502kgf-m
' J‘( i ‘H_V ‘ r—|—1— | T“—Ll
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% kgf-m

Fig. 10. Histograms for mechanical
EH36 steels (Normalized).

properties and carbon equivalent of

Table 10. Chemical composition and manufacturing conditions of EH36 Mod. steels.
(Ladle, wt%s)
Steel Th(icm‘f;e)“ C Si Mn P s Cu Ni Ti Sol. Al T.N Ceq. *  Poy**
A 32 0.07 0.29 1.46 0.017 0.002 0.20 0.35 0.012 0.063 0.0022 0.35 0.17
B 40 0.08 0.29 1.50 0.015 0.001 0.20 0.34 0.010 0.062 0.0020 0.37 0.18
C 75 0.08 0.29 1.50 0.013 0.001 0.21 0.33 0.008 0.061 0.0023 0.37 0.18
D 75 0.14 0.47 1.48 0.025 0.003 0.13 0-12 — 0.033 0.0043 0.40 0.24
. OLACt
Steel Thickness Slab reheating Controlled rolling Finish rolling Heat treat-
( mm) temp. (°C) CR-1 CR-2 temp. (°C) Final temp. Cooling rate ment
(°c) (°C/s)
A 32 980 689, below 720 540 7.0 —
802, 740°C
B 40 980 below 609% below 720 525 4.0 -
°C 740°C
C 75 1000 5295 below 740 530 3.0 —
760°C
D 75 1300 — - 1050 - - Nor
* Ceg. =C+1/6Mn+ 1/5(Cr+Mo+ V) +1/15(Cu+ Ni)
**  Poy=C+1/30Si+ 1/20(Mn-+Cr+ Cu) + 1/60Ni+1/15Mo + 1/10V+ 5B

*%% Reference Steel, Nb 0.034%,

On Line Accelerated Cooling.
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LR UBE L, Py, Cege MMEFT UK 0°C LUTIR ¥
WC P U CER A AT, Bl kU 5 B
BHEIBDTERT WA Z EAHEIRSE. Z0MBEL
e, FEANEVER M AT S RIED Fov s & & AVEESE
IhTEY, RBE LTI DWW 5 IE TR A
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Table 11. Tensile test results.
Steel Thickness Sampling Sampling § - Tensile test
(mm) location direction Yield strength Tensile strength Elongation Reduction of area
(kg-f/mm) (kg-f/mm) (%) (%)
. L 40.0 50.9 31.7
AY 32 full thickness c 42.8 52.8 286 _
/4t L 43.1 50.9 43.5 82.8
C 43.9 51.9 43.5 83.3
BY 40
12t L 42.2 51.6 40.1 78.3
C 48.9 52.0 41.0 78.8
14t L 39.4 51.4 40.9 83.4
C 38.7 51.9 36.8 82.2
(op)] 75
1/2¢ L 37.3 51.1 39.6 81.2
C 38.2 52.3 36.1 78.3
14t L 36.8 54.1 40.6 77.3
C 36.5 54.0 40.2 75.6
Dv» 75
1/2 L 37.6 55.1 37.4 70.2
/ C 36.4 54.6 35.5 68.4
1) G.L.=200mm full thickness 2) G.L.=50 mm, l4mm §
Table 12. Charpy impact test results.
Steel Thickness | Sampling | Sampling Charpy impact test NDT (:Cy®
(mm) location direction vE-80(1) vE-602) vE-40® 509 FATT
(kgf-m) (kgf-m) (kgf-m) °c)
L 33.5 34.7 34.9 —145
A 52 1741 c 32.1 34.7 34.8 —133 —105
14t L 35.3 36.6 39.0 -122
C 36.8 37.8 41.4 —~119
B 40 —70
1/2¢ L >30 38.6 38.7 —128
/ c S30 35.0 36.8 -1
1/4t L 31.0 30.6 37.3 —-91 _
C 26.0 32.9 36.2 —88
Cc 75
L 12.7 31.5 33.3 —74
172t G 8.5 19.0 27.4 —69 -
L 7.7 16.7 20.7 —63
Ve C 3.5 13.2 18.9 —57 -
D 75
L — 5.4 9.8 —36
172t ¢ — 4.3 7.7 -28 -
Note : (1) vE-80=Absorbed Energy at —80°C (2) vE-60=Absorbed Energy at —60°C
(3) vE-40=Absorbed Energy at —40°C (4) P-1 Specimen
Table 13. Results of Charpy impact test on weldments of various welding conditions.
Steel Welding Bevel Heat input Notch* 50% FATT vE-60
(Thickness) conditions (kJ/cm) position °c) (kgf-m)
One sided SAW v 203 %Vll\f (25;
(3 electrodes) H1 - 41
1 pass :
H3 5.1
A One sided SAW L 100 VFVI\If Itls.g
(32 mm) (‘gndea:;gs H1 - 14.3
P H3 30.7
One sided SAW L 0 WM 92
(tzndem) HI - 29.1
passes H3 35.0
B Multi pass SAW X 50 WM -87 15.9
(40mm) US36 (4mm §) FL —64 12.0
PFH 55LT 11 passes H-Center —118 26.2
c Multi pass SAW H 49.5 FL —98 31.6
(75 mm) US36 (4mm §) HI1 —o8 33.2
PFH 55LT 23 passes H3 —-65 22.6
D Multi pass SAW Y 49.5 FL —41 1.4
(75 mm) US36 (4mm §) H1 —80 17.0
PFH 55LT 23 passes H3 -22 1.5

* WM : weld metal, FL : fusion line, Hl : HAZ Imm, H3 : HAZ 3 mm
#* reference steel (Normalized)
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Fig. 11. Results of COD test (Steel B).
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Fig. 14. Results of taper hardness test.
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Fig. 15. Results of Tekken type cracking test.
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Fig. 16. Effect of Ceg. and Pgy on susceptibility
to low temperature cracking.
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