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Meeting Location and Directions 
 
The meeting will  be held in the Australian Resources Research Centre (ARRC), located in the Technology 
Park: 26 Dick Perry Avenue, Kensington, WA 6151. The ARRC facility is located 15 minutes drive from 
Perth CBD, and includes parking. 
 

 
(A) The ARRC facility  is located approximately 15 minutes South of the CBD. 

 

 
(B) ARRC facility.  Parking spaces are accessible from the North side of Dick Perry Ave.  





   

  The University of Western Australia 

Your feedback on the results presented here will  inform our research activities over the coming six months 
and new results will  be presented at our next Flow Assurance Workshop, which has been scheduled for 
December 2019. Please feel free to contact us should you have any questions or feedback after the meeting. 
 
Dr Bruce Norris, Research Fellow, Centre for Long Subsea Tiebacks: bruce.norris@uwa.edu.au 
Prof. Zachary Aman, Chevron-Woodside Chair in Long Subsea Tiebacks: zachary.aman@uwa.edu.au 
Prof. Eric May, Chevron Chair in Gas Process Engineering: eric.may@uwa.edu.au 
Prof. Mike Johns, Chair of Chemical and Process Engineering: michael.johns@uwa.edu.au 
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�&�X�U�W�L�Q���8�Q�L�Y�H�U�V�L�W�\���L�V���D���W�U�D�G�H�P�D�U�N�� �R�I���&�X�U�W�L�Q���8�Q�L�Y�H�U�V�L�W�\���R�I���7�H�F�K�Q�R�O�R�J�\
�&�5�,�&�2�6���3�U�R�Y�L�G�H�U�� �&�R�G�H�������������-

�7�H�[�W��
�7�H�[�W������

Prof. Mariano Iannuzzi ���W�K�-�X�O�\����������

Materials for the next generation of subsea 

pipelines and equipment … C orrosion challenges and 

innovative solutions.

�8�:�$���/�R�Q�J���6�X�E�V�H�D���7�L�H�E�D�F�N�V���:�R�U�N�V�K�R�S��

University of Westen Australia

While you read this 
760 kg of ironhave 

been corroded.

M. Pourbaix, "Lectures on electrochemical corrosion" (3rd English Edition), NACE International, Houston, TX, (1995):p.2.

�&�R�Q�Y�H�Q�W�L�R�Q�D�O���/�R�Z���D�O�O�R�\���V�W�H�H�O�V���I�R�U���V�R�X�U���V�H�U�Y�L�F�H��
Strength limits.
Nickel steels.

�:�K�H�U�H���Q�H�[�W�"

�&�R�Q�F�O�X�V�L�R�Q�V��

�+�L�V�W�R�U�\���R�I���V�R�X�U���V�H�U�Y�L�F�H���V�W�D�Q�G�D�U�G�V��

�7�K�H���R�L�O���D�Q�G���J�D�V���F�K�D�O�O�H�Q�J�H��
Environment.
Materials and design.

�1�H�[�W���J�H�Q�H�U�D�W�L�R�Q���O�R�Z���D�O�O�R�\���V�W�H�H�O�V
Metallurgical design.
Curtin Corrosion Centre Research
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The oil and gas challenge
What makes oil and gas environments “aggressive.”

�7�K�H���V�F�R�S�H�R�I���R�X�U���Z�R�U�N���L�V���R�Q���V�X�E�V�H�D���R�L�O���D�Q�G���J�D�V���S�U�R�G�X�F�W�L�R�Q�����E�X�W���P�X�F�K���R�I��
�W�K�H���G�L�V�F�X�V�V�L�R�Q���D�S�S�O�L�H�V���W�R���R�Q�V�K�R�U�H���D�Q�G���Q�R�Q���F�R�Q�Y�H�Q�W�L�R�Q�D�O���I�L�H�O�G�V���D�V���Z�H�O�O��
�D�V���H�T�X�L�S�P�H�Q�W���R�S�H�U�D�W�L�Q�J���L�Q���D�T�X�H�R�X�V���K�\�G�U�R�J�H�Q���E�H�D�U�L�Q�J���H�Q�Y�L�U�R�Q�P�H�Q�W�V����

Subsea equipment is exposed to internalreducing corrosive production fluids often containing 

CO2 and hydrogen sulfide (H2S) and externallyto hydrogen generated by cathodic protection.

Copyright: http://static.heavyliftnews.com/media/55/4/0ac46b53c3bba24579fdf1984172b66771e4ebd30c1e9517b24f4f85c691f455_m.jpg

�+�\�G�U�R�J�H�Q���6�W�U�H�V�V���&�U�D�F�N�L�Q�J�����+�6�&����

: atomic Hydrogen

Recombination to H2(g)

Diffusion

�6�W�H�H�O�(�Q�Y�L�U�R�Q�P�H�Q�W���Z�L�W�K���+�\�G�U�R�J�H�Q

�1

�1

Fracture:
CH > Ccrit

Atomic hydrogen produced by corrosion reactionsand cathodic protection 

can either recombine to H2(g) or enter the steel and lead to premature 

fractureif a critical hydrogen concentration CH and stress are exceeded.
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�,�6�2���������������D�Q�G���(�)�&���������G�H�I�L�Q�H���W�K�H���V�H�Y�H�U�L�W�\���R�I���D���V�R�X�U���H�Q�Y�L�U�R�Q�P�H�Q�W��
�E�D�V�H�G���R�Q���W�K�H���S�D�U�W�L�D�O���S�U�H�V�V�X�U�H���R�I���+���6���D�Q�G���S�+�R�I���W�K�H���Z�D�W�H�U���S�K�D�V�H��

However, researchers argue that categorizations based on dissolved gas concentrations, 

fugacities, and permeation parameters are needed to reflect the in service severity.

�‡ D.E. Milliams, R.N. Tuttle, "ISO 15156/NACE MR0175 - A New International Standard for Metallic Materials for Use in Oil and Gas Production in Sour Environments," CORROSION 2003,  
paper no.  03090 (San Diego, CA: NACE International, 2003).

�6�L�Q�F�H���+���6 �D�F�W�V���D�V���D���K�\�G�U�R�J�H�Q���U�H�F�R�P�E�L�Q�D�W�L�R�Q���S�R�L�V�R�Q�����W�K�H���D�P�R�X�Q�W��
�R�I���K�\�G�U�R�J�H�Q�H�Q�W�H�U�L�Q�J���W�K�H���V�W�H�H�O���E�\���F�R�U�U�R�V�L�R�Q�D�W���W�K�H���R�S�H�Q���F�L�U�F�X�L�W��
�S�R�W�H�Q�W�L�D�O�����(�2�&�����L�Q���D���V�R�X�U���H�Q�Y�L�U�R�Q�P�H�Q�W���L�V���P�X�F�K���K�L�J�K�H�U���W�K�D�Q���W�K�D�W��
�F�D�X�V�H�G���E�\���W�K�H���H�[�W�H�U�Q�D�O���F�D�W�K�R�G�L�F���S�U�R�W�H�F�W�L�R�Q���V�\�V�W�H�P��

The sub-surface hydrogen concentration in the lattice and trap sites (COR) was found to be >70 times 

higher in the presence of H2S than in samples cathodically polarized to -1.1 VAg/AgClin seawater.

�‡ B.J. Berkowitz, H.H. Horowitz, Journal of The Electrochemical Society 129, 3 (1982): p. 468-474.
�‡ H. Husby, P. Wagstaff, M. Iannuzzi, R. Johnsen, M. Kappes, Corrosion 74, 7 (2018): p. 801-818.
�‡ M.J. Cancio, B. Giacomel, G. Kissner, M. Valdez, F. Vouilloz, "High Strength Low Alloy Steel for HPHT Wells," Offshore Technology Conference-Asia,  paper no.  OTC-24746-MS (Kuala Lumpur, Malaysia: 

Offshore Technology Conference, 2014).

Sour service

5% NaCl + 0.5% CH3COOH pH = 2.7 @ EOC

Region 1
0.18 ppm

1 ��A�„cm-1

Region 2

0.30 ppm
1.6 ��A�„cm-1Region 3

0.75 ppm
4 ��A�„cm-1

Cathodic protection

0.01 
ppm

Seawater @ -1.1 VAg/AgCl

DEFF�§ 7�„10-6cm2�„s-1

SS EFF ORJ L D C� ˜ �  � ˜

�7�K�H���O�D�U�J�H�U���&�2�5 �U�H�V�X�O�W�V���L�Q��

�O�R�Z�H�U���W�K�U�H�V�K�R�O�G���V�W�U�H�V�V��

�L�Q�W�H�Q�V�L�W�\���I�D�F�W�R�U�V�����.�,���(�$�&����

�D�Q�G���G�U�D�P�D�W�L�F�D�O�O�\���I�D�V�W�H�U��

�F�U�D�F�N���S�U�R�S�D�J�D�W�L�R�Q���U�D�W�H�V��

�W�K�D�Q���L�Q���P�R�U�H���E�H�Q�L�J�Q���+��

�E�H�D�U�L�Q�J���H�Q�Y�L�U�R�Q�P�H�Q�W�V����

�‡ B.D. Craig, "Hydrogen Damage,"  in ASM Handbook Volume 13A: Corrosion: Fundamentals, Testing, and Protection, eds.  S.D. Cramer , B.S. Covino, Jr., vol.  13a (Metals Park, OH: ASM International, 2003),  p.  367-380.

Crack velocity as a function of stress intensity for a 
chromium-molybdenum-vanadium steel at 18 °C.
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�6�X�E�V�H�D���R�L�O���D�Q�G���J�D�V���H�T�X�L�S�P�H�Q�W���F�D�Q���E�H���H�[�W�U�D�R�U�G�L�Q�D�U�L�O�\���O�D�U�J�H����

�U�H�T�X�L�U�L�Q�J���K�H�D�Y�\���I�R�U�J�L�Q�J�V�����L���H�������F�U�R�V�V���V�H�F�W�L�R�Q�D�O���W�K�L�F�N�Q�H�V�V��

�����������������P�P�����D�Q�G���X�Q�L�I�R�U�P���S�U�R�S�H�U�W�L�H�V���W�K�U�R�X�J�K���W�K�L�F�N�Q�H�V�V��

�‡ M. Iannuzzi, A. Barnoush, R. Johnsen, npj Materials Degradation 1, 1 (2017): p. 1-11.

�‡ Image credits: http://www.ecostarr.com/resources/cc146.jpgand �Z�š�š�‰�•�W�l�l�P�}�}�X�P�o�l���i�E�Y�z�ð�X

18.5K ton hydraulic press. 10.2K ton hydraulic press.

Two of the world’s largest open die hydraulic forging presses.

�/�R�Z���D�O�O�R�\���V�W�H�H�O�V���X�V�H�G���L�Q���R�L�O���D�Q�G���J�D�V���H�T�X�L�S�P�H�Q�W���P�X�V�W���E�H���Z�H�O�G�D�E�O�H
�Z�L�W�K���R�X�U���Z�L�W�K�R�X�W���S�R�V�W���Z�H�O�G���K�H�D�W���W�U�H�D�W�P�H�Q�W�����3�:�+�7����

Welding of low alloy steel to stainless steels is commonplace. A typical example is the joining of 
austenitic and duplex stainless steels to carbon or LAS —bare or cladded,— which requires special 

considerations to avoid embrittlement (e.g., NA-625 buttered joins).

�‡ V.C. Beaugrand, L.S. Smith, M.F. Gittos, "Subsea Dissimilar Joints: Failure Mechanisms And Opportunities For Mitigation.," CORROSION 2009,  paper no.  9305 (Atlanta, GA: NACE International, 2009).

Cross-section of a AISI 8630-NA625 dissimilar weld 
(8630 hub forging shown on the left).

�‡ Image credits: TWI: https://goo.gl/vsWPZjand 2) https://goo.gl/pV9fVm. 

Weldabilityis one of the most important technological properties of low alloy steels.

History of sour service standards 
The answer to life, the universe, and everything...

22-HRC
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�6�K�R�U�W�O�\���D�I�W�H�U���:�R�U�O�G���:�D�U���,�,�����G�H�D�G�O�\���I�D�L�O�X�U�H�V�U�H�O�D�W�H�G���W�R���+���6���H�[�S�R�V�X�U�H��
�R�F�F�X�U�U�H�G���L�Q���W�K�H���8���6�������&�D�Q�D�G�D�����D�Q�G���)�U�D�Q�F�H����

These events catalyzedresearch and regulatory work.

�‡ D.E. Milliams, R.N. Tuttle, “ISO 15156/NACE MR0175 - A New International Standard for Metallic Materials for Use in Oil and Gas Production in Sour Environments,” CORROSION 2003,  paper no. 03090 (16–20 
March, San Diego, CA: NACE International, 2003).

�‡ Patrick, D. H.,“MR0175 - A History and Development Study,” CORROSION 99, paper no. 418 (25–30 April, San Antonio, TX: NACE International, 1999). 

API 5CT grade N-80 and 5% and 9%Ni low alloy steels (LAS) were initially found susceptible to 
cracking in sour environments.

�1�$�&�(���&�R�U�U�R�V�L�R�Q���-�R�X�U�Q�D�O��

�S�X�E�O�L�V�K�H�G���������D�U�W�L�F�O�H�V���G�H�D�O�L�Q�J��

�Z�L�W�K���V�X�O�I�L�G�H���V�W�U�H�V�V���F�U�D�F�N�L�Q�J��

�R�I���O�R�Z���D�O�O�R�\���V�W�H�H�O�V���E�H�W�Z�H�H�Q��

�����������D�Q�G���������������P�R�V�W���R�I���W�K�H�P��

�L�Q���W�K�H�����������¶�V����
In particular, there are three papers by 

Snape and Snape et al. that I highly 

recommend. 

�(�D�U�O�\���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V���V�K�R�Z�H�G���W�K�D�W���V�X�O�I�L�G�H���V�W�U�H�V�V���F�U�D�F�N�L�Q�J��

�V�X�V�F�H�S�W�L�E�L�O�L�W�\�L�Q�F�U�H�D�V�H�G�Z�L�W�K��

Strength & hardness.

A decrease in pH & an increase in PH2S.

Presence of sulfur and phosphorus in the steel.

Untermpered martensite.
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�7�L�P�H���W�R���I�D�L�O�X�U�H���W�K�U�H�H���S�R�L�Q�W���E�H�Q�G���W�H�V�W�L�Q�J���V�K�R�Z�H�G���W�K�D�W���F�D�V�L�Q�J���V�W�H�H�O�V��
���$�3�,�����&�7���1�����������Z�L�W�K���D���K�D�U�G�Q�H�V�V���R�I���������+�5�&���F�R�X�O�G���E�H���V�W�U�H�V�V�H�G���X�S���W�R��
���������0�3�D�����������N�V�L�����Z�L�W�K�R�X�W���R�E�V�H�U�Y�L�Q�J���6�6�&��

�‡ E. Snape, Corrosion 23, 6 (1967): p. 154-172.

�$���N�H�\���F�R�Q�F�O�X�V�L�R�Q���R�I���1�$�&�(�¶�V�������������V�\�P�S�R�V�L�X�P���R�Q���K�\�G�U�R�J�H�Q���V�X�O�I�L�G�H��
�F�U�D�F�N�L�Q�J���Z�D�V���W�K�D�W���O�R�Z���D�Q�G���P�H�G�L�X�P���D�O�O�R�\���V�W�H�H�O�V���Z�H�U�H���U�H�V�L�V�W�D�Q�W���W�R��
�+���6 �Z�K�H�Q���W�K�H���K�D�U�G�Q�H�V�V�R�I���W�K�H���F�R�P�S�R�Q�H�Q�W���Z�D�V���N�H�S�W���E�H�O�R�Z��

�‡ L.W. Vollmer, Corrosion 8, 10 (1952): p. 326-332.

This limit was later increased to 25-HRC based on laboratory work; but settled on the 
still current 22-HRC, which appeared in NACE MR0175 1st Ed.

20-HRC

“Carbon and low-alloy steels are acceptable at 

22-HRC maximum hardnessprovided they 

contain less than 1% mass fraction nickel, are not 

free-machining steels and are used in one of the 

following heat-treatment…”

�7�R�G�D�\�����D�F�F�R�U�G�L�Q�J���W�R���,�6�2��������������������
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�,�6�2�������������������D�G�G�U�H�V�V�H�V���W�K�H���U�H�V�L�V�W�D�Q�F�H���R�I���F�D�U�E�R�Q���D�Q�G���O�R�Z��
�D�O�O�R�\���V�W�H�H�O�V���W�R���G�D�P�D�J�H���W�K�D�W���F�D�Q���E�H���F�D�X�V�H�G���E�\��

SSC

HIC

SOHIC

SZCSZC = soft zone cracking is a form of SSC that can occur when a steel contains a 
local “soft zone” of low-yield-strength material.

�+�R�Z���G�R���6�6�&�����+�,�&�����D�Q�G���6�2�+�,�&�I�D�L�O�X�U�H���P�R�G�H�V���F�R�P�S�D�U�H�"

Requires tensile stress 
(applied or residual)

SSC

High strength (>700 MPa)

Hard zones (>22-HRC)

Does not require applied tensile stress

HIC

Requires tensile stress 
(applied or residual)

SOHIC

Lower strength (<600 MPa)

R.D. Kane, S.M. Wilhelm, & J.W. Oldfield,  “Review of Hydrogen Induced Cracking of Steels in Wet H2S Refinery Service,” Interna tional Conference on Interaction of Steels with Hydrogen 
in Petroleum Industry Pressure Vessel Service, (New York, NY: Materials Properties Council, 1989).

ISO 15156-2 philosophy: carbon and low alloy 

steels can resists certain sour environments as 

long as the hardness (strength) is kept below 

certain threshold.
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�&�X�U�U�H�Q�W�O�\�����,�6�2�������������������L�P�S�R�V�H�V���D���P�D�[�L�P�X�P���K�D�U�G�Q�H�V�V���Y�D�O�X�H���I�R�U��
�D�O�O���F�D�U�E�R�Q���D�Q�G���O�R�Z���D�O�O�R�\���V�W�H�H�O�V���R�I��

250 HV

275 HV

= 22 HRC

Weld caps

�î�î

�+�D�U�G�Q�H�V�V�L�V���L�Q�G�L�U�H�F�W�O�\���U�H�O�D�W�H�G�W�R��
�W�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K��

Whilestrengthis, in turn, related to the microstructureof 
the alloy.

Conventional LAS for sour service
Strength restrictions and the infamous nickel limit. 
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�&�U���0�R���V�W�H�H�O�V���Z�L�W�K���D�F�W�X�D�O���<�6�X�S���W�R���������0�3�D��

�����������N�V�L�����D�U�H���J�H�Q�H�U�D�O�O�\���D�F�F�H�S�W�H�G�Z�L�W�K�L�Q���W�K�H��

�O�L�P�L�W�V�R�I���,�6�2������������������

Nevertheless, because limiting the strength minimizes the risk of 

exceeding 250HV in weldments, in practice, LAS with SMYS above   

550–586 MPa (80–85 ksi) are seldom used for heavy forgings and the 

most common line-pipe steel grade is API X65.

�î�ñM. Iannuzzi, A. Barnoush, R. Johnsen, npj Materials Degradation 1, 1 (2017): p. 1-11.

�4�X�H�Q�F�K�H�G���D�Q�G���W�H�P�S�H�U�H�G���/�$�6���Z�L�W�K���6�0�<�6���������������0�3�D�����������N�V�L�����D�U�H��
�D�V�V�X�P�H�G���U�H�V�L�V�W�D�Q�W�X�S���W�R�������������+ ���6���Z�K�H�Q���V�W�U�H�V�V�H�G���W�R�������������<�6���D�W��

�3�7 � �������D�W�P�����+�R�Z�H�Y�H�U�«

Maximum H2S concentration limits for SSC-free behavior at 100% of yield strength. 

R.D. Kane, S.M. Wilhelm, & J.W. Oldfield,  “Review of Hydrogen Induced Cracking of Steels in Wet H2S Refinery Service,” International Conference on Interaction of Steels with Hydrogen in Petroleum Industry Pressure Vessel Service, 
(New York, NY: Materials Properties Council, 1989).

J-55

C-55

N-80 (mod)

N-80

SOO-95

P-110

SOO-125

Q&T

N, N&T

�6�W�H�H�O�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���P�L�F�U�R�V�W�U�X�F�W�X�U�H�V��

�F�D�Q���D�W�W�D�L�Q���W�K�H���V�D�P�H���K�D�U�G�Q�H�V�V���D�Q�G��

�V�W�U�H�Q�J�W�K���O�H�Y�H�O�����\�H�W���K�D�Y�H���G�U�D�P�D�W�L�F�D�O�O�\��

�G�L�I�I�H�U�H�Q�W���6�6�&���(�$�&�� �U�H�V�L�V�W�D�Q�F�H��
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�8�S���W�R���D���<�6���§�����������0�S�D�����������N�V�L�����W�H�P�S�H�U�H�G��

�P�D�U�W�H�Q�V�L�W�H�R�X�W�S�H�U�I�R�U�P�V���R�W�K�H�U���P�L�F�U�R�V�W�U�X�F�W�X�U�H�V

�L�Q���W�H�U�P�V���R�I���6�6�&���U�H�V�L�V�W�D�Q�F�H�����U�H�J�D�U�G�O�H�V�V���R�I���D�O�O�R�\��

�F�R�P�S�R�V�L�W�L�R�Q��

This conclusion was drawn based on a comprehensive compilation of 

historical SSC performance data.

M. Kappes, M. Iannuzzi, R. Rebak, and R. Carranza, Corrosion Reviews(2014).(LINK)

M. Kappes, M. Iannuzzi, R. Rebak, and R. Carranza, Corrosion Reviews(2014).(LINK)

�6�Q�D�S�H���K�D�V���V�K�R�Z�Q���W�K�D�W���R�Q�O�\���³�V�P�D�O�O�´���D�P�R�X�Q�W�V�R�I���X�Q�W�H�P�S�H�U�H�G��

�P�D�U�W�H�Q�V�L�W�H�G�U�D�P�D�W�L�F�D�O�O�\���O�R�Z�H�U���6�6�&���U�H�V�L�V�W�D�Q�F�H��

Yoshino and Minozaki later found that "the cracking resistance begins to deterioratewhen 

fresh martensite exceeds 5 vol%."

�ï�ì

Threshold stress versus YS of commercial API grade N-80, AISI 4140, and AISI 4340.

�‡ Snape, E., Corrosion24 (1969): pp. 261–282.
�‡ Y. Yoshino, Y. Minozaki, Corrosion 42, 4 (1986): p. 222-233.
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�1�L�F�N�H�O���L�P�S�U�R�Y�H�V���P�H�F�K�D�Q�L�F�D�O���D�Q�G���W�H�F�K�Q�R�O�R�J�L�F�D�O���S�U�R�S�H�U�W�L�H�V��

�R�I���O�R�Z���D�O�O�R�\���V�W�H�H�O�V�����V�X�F�K���D�V��

Strength

Toughness

DBTT

Fatigue life

Hardenability

While having a low impact on:

Weldability

DBTT = ductile-brittle transition temperature. 

�1�L�F�N�H�O���G�R�H�V���Q�R�W���I�R�U�P���F�D�U�E�L�G�H�V���D�Q�G�����W�K�H�U�H�I�R�U�H�����G�H�O�D�\�V�S�U�R�H�X�W�H�F�W�R�L�G����
�I�H�U�U�L�W�H�����S�H�D�U�O�L�W�L�F�����D�Q�G���E�D�L�Q�L�W�L�F���U�H�D�F�W�L�R�Q�V����

As a result, nickelhas a profound beneficial effect on hardenability. 

�‡ M. Kappes, M. Iannuzzi, R.B. Rebak, R.M. Carranza, Corrosion Reviews 32, 3-4 (2014): p. 101-128

Time-Temperature-Transformation (TTT) curves of a Ni-free (left) and a 0.78 wt% Ni LAS (right).

1.8% Ni

Ni free

�,�Q�G�H�H�G�����F�R�P�P�R�Q���&�U���0�R���V�W�H�H�O�V���F�D�Q�Q�R�W���E�H���K�H�D�W���W�U�H�D�W�H�G���W�R���D���X�Q�L�I�R�U�P��
�W�K�U�R�X�J�K���W�K�L�F�N�Q�H�V�V���V�W�U�X�F�W�X�U�H���L�Q���W�K�H���D�E�V�H�Q�F�H���R�I���1�L����

Nickeladditions to LAS become, therefore, particularly beneficialin heavy sections. 

�‡ Garber, R, T Wada, FB Fletcher, and TB Cox, Journal of Materials for Energy 7, (1985):p.91 

Jominy curves for UNS H41400 and UNS H43400, showing the effect of nickel on hardenability. 
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�1�L�F�N�H�O �O�R�Z�H�U�V�W�K�H���G�X�F�W�L�O�H���E�U�L�W�W�O�H���W�U�D�Q�V�L�W�L�R�Q���W�H�P�S�H�U�D�W�X�U�H��
���'�%�7�7�����E�H�O�R�Z���������ƒ�&����

Lower DBTTs translate to better fracture toughness at low temperatures. 

�‡ B.D. Craig, Corrosion 38, 9 (1982): p. 457-463.

Fracture appearance transition temperaturecurves of various LAS as a function on nickel content.

�1�L�F�N�H�O�L�P�S�R�V�H�V���W�K�H���O�R�Z�H�V�W���S�H�Q�D�O�W�\���R�Q���Z�H�O�G�D�E�L�O�L�W�\����

Additionally, research has also shown that cold cracking susceptibility was independent of nickel 

content. 

�‡ M. Kappes, M. Iannuzzi, R.B. Rebak, R.M. Carranza, Corrosion Reviews 32, 3-4 (2014): p. 101-128

C < 0.12%

C > 0.12%

�3�&�0

�6�L �0�Q���&�X���&�U �1�L �0�R �9
�&�( � �&�� �� �� �� �� �����î�%

���� ���� ���� ���� ����

�,�,�:

�0�Q �&�U���0�R���9 �1�L�������&�X
�&�( � �&�� �� ��

� � � � � �� �

�:�K�D�W���L�V�����W�K�H�Q�����W�K�H��

�U�H�D�V�R�Q���I�R�U���O�L�P�L�W�L�Q�J���W�K�H��

�Q�L�F�N�H�O���F�R�Q�W�H�Q�W���L�Q���/�$�6�"

�/�u���P�������Œ�����]�š�•�W���>�/�E�<�X��
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�1�$�&�(���0�5�������������,�6�2������������������

�Z�K�L�F�K���F�R�Y�H�U�V���V�R�X�U���U�H�I�L�Q�L�Q�J��

�H�Q�Y�L�U�R�Q�P�H�Q�W�V�����L�P�S�R�V�H�V���Q�R��

�U�H�V�W�U�L�F�W�L�R�Q���R�Q���Q�L�F�N�H�O���F�R�Q�W�H�Q�W��

In every other aspect, the standard is 

equivalent to ISO 15156-2. 

�‡ EN ISO 17945/ NACE MR0103, "Petroleum, petrochemical and natural gas industries - Metallic materials resistant to sulfide stresscracking in corrosive petroleum refining environments" (Geneva, 
Switzerland: International Organization for Standardization, 2015).
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“Discussions at TG 231 meetings 

indicate that the 3.5% nickel steels 

such as ASTM A333 Grade 3, A350 LF3, 

and A352 LC3 have been used for this 

purpose—i.e., low temperature 

toughness—and have demonstrated 

reliable performance in sour refinery 

environments for many years…

As such, the nickel restriction was

not included in MR0103.”

�‡ D.R. Bush, K.R. Lewis, J.C. Brown, "An Overview of NACE International Standard MR0103 and Comparison with MR0175," CORROSION/04, paper no.  04649 (New Orleans, LA: NACE International, 
2004).

�$�G�G�L�Q�J���Q�L�F�N�H�O�����R�U���D�Q�\���D�O�O�R�\�L�Q�J���H�O�H�P�H�Q�W�����U�H�T�X�L�U�H�V���P�R�G�L�I�\�L�Q�J
�K�H�D�W���W�U�H�D�W�P�H�Q�W���S�D�U�D�P�H�W�H�U�V����

For example, Ni lowers the lower and upper austenite transformation temperatures, AC1and AC3:

�‡ M. Kappes, M. Iannuzzi, R.B. Rebak, R.M. Carranza, Corrosion Reviews 32, 3-4 (2014): p. 101-128

Ac1 = 723 - 10.7Mn-16.9Ni + 29.1 Si + 16.9Cr + 290As + 6.38W

708°C

AC1– 0% Ni

623°C

AC1– 5% Ni

Next-generation low alloy steels
Metallurgical design and lessons learned from other industries. 
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�³�7�K�H���K�\�G�U�R�J�H�Q���H�P�E�U�L�W�W�O�H�P�H�Q�W���U�H�V�L�V�W�D�Q�F�H���R�I��

�F�D�U�E�R�Q���D�Q�G���O�R�Z���D�O�O�R�\���V�W�H�H�O�V�����L�Q�F�O�X�G�L�Q�J��

�U�H�V�L�V�W�D�Q�F�H���W�R���V�X�O�I�L�G�H���V�W�U�H�V�V���F�U�D�F�N�L�Q�J�����6�6�&�������L�V��

�F�R�Q�W�U�R�O�O�H�G�S�U�L�P�D�U�L�O�\���E�\���P�L�F�U�R�V�W�U�X�F�W�X�U�H���´

Composition, i.e., alloying elements, such as nickel, manganese, 

vanadium, chromium, and molybdenum, plays an indirect role by 

modifying phase transformation kinetics and segregationof impurity 

elements at grain boundaries. 

�ð�ï

No detrimental effect of nickel was observed 

during  SSC testing of properly heat treated LAS, 

covering a wide  600 to 1400MPa (90–200-ksi) 

yield strength range (Snape, 1967).

E. Snape, Corrosion 23, 6 (1967): p. 154-172.

45

�6�W�D�W���R�I���W�K�H���D�U�W�����O�R�Z���D�O�O�R�\���V�W�H�H�O�V���I�R�U���V�R�X�U���V�H�U�Y�L�F�H���H�T�X�L�S�P�H�Q�W��

Heavy Forgings
Yield strength rarely exceeds 80–85 ksi (550–586 MPa) 
for HSLA steels in sour service.

Line Pipe
The most common line-pipe steel grade is API X65, with 
an SMYS = 65 ksi (448 MPa).
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�,�W���L�V���E�H�O�L�H�Y�H�G���W�K�D�W���L�Q���W�K�H���������������\�H�D�U���K�R�U�L�]�R�Q�����P�D�W�H�U�L�D�O�V���I�R�U��

�F�U�L�W�L�F�D�O���S�U�H�V�V�X�U�H���U�H�W�D�L�Q�L�Q�J���D�S�S�O�L�F�D�W�L�R�Q�V���Z�L�O�O���U�H�T�X�L�U�H��

YS > 690 MPa DBTT < -60°C

>Toughness >Fatigue life

H2S resistance>Hardenability

Why?

The Easy Oil is 
(probably) Gone.

�/�u���P�������Œ�����]�š�•�W���>�/�E�<�X
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�7�K�H���2�L�O���	���*�D�V�����P�D�W�H�U�L�D�O�V�����&�K�D�O�O�H�Q�J�H�V

HPHT and xHPHT definition as per API 17TR8.

High-pressures

Long tiebacks!

Deep-water drilling

Hydrogen sulfide

Arctic reserves

High-temperatures

�,�Q���U�H�F�H�Q�W���\�H�D�U�V�����U�H�V�H�D�U�F�K�H�U�V���K�D�Y�H���F�R�L�Q�H�G���W�K�H���W�H�U�P���P�H�W�D�O�O�X�U�J�L�F�D�O��

�G�H�V�L�J�Q�W�R���L�Q�G�L�F�D�W�H���D���V�\�V�W�H�P�D�W�L�F���S�U�R�F�H�V�V�W�R���E�D�O�D�Q�F�H�����H���J�������6�6�&��

�U�H�V�L�V�W�D�Q�F�H���	���V�W�U�H�Q�J�W�K���E�D�V�H�G���R�Q���I�X�Q�G�D�P�H�Q�W�D�O���S�U�L�Q�F�L�S�O�H�V��

Metallurgical design implies tailoring H solubility and crack-arrest properties by: 

Composition

High angle GBs Irreversible traps

TemperingAustenitization

Other heat treatments

�8�V�L�Q�J���P�H�W�D�O�O�X�U�J�L�F�D�O���G�H�V�L�J�Q�����&�D�Q�F�L�R���H�W���D�O�����G�H�Y�H�O�R�S�H�G���D���/�$�6���I�R�U��

�X�V�H���D�V���2�&�7�*���Z�L�W�K���D���6�0�<�6��� �����������N�V�L�U�H�V�L�V�W�D�Q�W���X�S���W�R���L�Q�W�H�U�P�H�G�L�D�W�H��

�V�R�X�U���V�H�U�Y�L�F�H�����-�6�6�/��� �������������$�„�F�P���������Z�K�H�Q���V�W�U�H�V�V�H�G���X�S���W�R�����������$�<�6��

The authors found that optimizing the prior austenite GB angles and grain size was crucial. 

NACE TM-1077 Method A test results stressed at 90% AYS.High-angle GB improved SSC resistance. 

M.J. Cancio, B. Giacomel, G. Kissner, M. Valdez, F. Vouilloz, "High Strength Low Alloy Steel for HPHT Wells," Offshore Technology Conference-Asia,  paper no.  OTC-24746-MS (Kuala 
Lumpur, Malaysia: Offshore Technology Conference, 2014).
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�0�H�W�D�O�O�X�U�J�L�F�D�O���'�H�V�L�J�Q���L�V���V�L�P�L�O�D�U���W�R���W�K�H���D�S�S�U�R�D�F�K���S�U�R�S�R�V�H�G���E�\��

�6�Q�D�S�H���H�W���D�O�����L�Q���������������Z�K�R���G�H�Y�H�O�R�S�H�G���D�Q���L�Q�W�H�U�F�U�L�W�L�F�D�O���K�H�D�W��

�W�U�H�D�W�P�H�Q�W�W�K�D�W���R�S�W�L�P�L�]�H�G���V�W�U�H�Q�J�W�K���D�Q�G���6�6�&���U�H�V�L�V�W�D�Q�F�H��

Nickelis advantageous since it lowers AC1, resulting in lower Intercritical hardening 

temperatures. A 2% Ni-steel with a AYS = 737 MPa (107 ksi) retained SSC resistance. 

E. Snape, R.F. Schaller, R.M. Forbes Jones, Corrosion 25, 9 (1969): p. 380-388.

Q&T. Improper tempering. Intercritical hardening.

�:�H���F�R�X�O�G���L�Q�F�U�H�D�V�H���V�W�U�H�Q�J�W�K���Z�K�L�O�H���U�H�W�D�L�Q�L�Q�J�D�G�H�T�X�D�W�H���V�R�X�U��

�V�H�U�Y�L�F�H���U�H�V�L�V�W�D�Q�F�H�E�\��

Composition

Strict control of metalloid elements, which promote 
temper embrittlement.
Ar, Sb, Sn, Pb, P & S. Ca for inclusion shape control.

Low- to ultra-low carbon.
Strictly below %C < 0.12 %.

Balance Ni, Mn, Cr, and Mo.
To obtain adequate hardenability and weldability

Heat treatment

Austenitization.
Optimize �� grain size and grain boundary angles.

Tempering.
Balance tempering temp. close to A1. Double temper?

Intercritical hardening?
Can an intercritical heat treat. improve SSC resistance?

The goalof this project is to qualifyHigh Strength Low 

Alloy (HSLA) steels that are commercially available for 

intermediate sour service with improved strength 

(SMYS=100-105 ksi), toughness, hardenability, and fatigue

lifecompared to conventional steels used for pipelines 

and heavy forgings.

Overcome ISO 15156 Restrictions.

Next-generation high strength LAS

54
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�7�K�H���S�U�R�M�H�F�W�L�V���G�L�Y�L�G�H�G���L�Q���W�Z�R���3�K�D�V�H�V��

The Scope of Work combines fundamental and applied research. 

HSLA steels for sour service applications

Commercial HSLA steel 
grades – “As received.”  

HSC under cathodic 
protection.

SSC under simulated H2S 
conditions.

Phase 1

Research-grade low alloy 
steels.

Optimize microstructure 
through heat treatment.

Sour service performance 
with differing Ni contents.

Phase 2

HSC: Hydrogen Stress Cracking & SSC: Sulfide Stress Cracking. 

56

�&�R�P�P�H�U�F�L�D�O�+�6�/�$���V�W�H�H�O�V�X�V�H�G���L�Q���R�W�K�H�U �L�Q�G�X�V�W�U�L�H�V��

Their nickel content = 2.0 to 4.0 wt.%.

�,�z�r�í�ì�ì
�,�^�>���r�í�ì�ì

�W�ò�õ�ì���Y�>�î
�^�ò�õ�ì���Y�>

�^�Z�]�‰���µ�]�o���]�v�P���•�š�����o �W�Œ���•�•�µ�Œ�����À���•�•���o�l�•�š�Œ�µ���š�µ�Œ���o���•�š�����o

�E�µ���o�����Œ���/�v���µ�•�š�Œ�Ç�W�����ñ�ì�ô���'�Œ�X�ð�E
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�,�Q���������������Z�H���H�Q�J�D�J�H�G�Z�L�W�K���V�W�H�H�O���S�U�R�G�X�F�H�U�V���Z�R�U�O�G�Z�L�G�H����

Our goal was to partner with vendors, learning from their steel-making 

expertise on promising HSLA steel families. 

JFE (Japan)

Brück Forgings (Germany)

Japan Steel Works (Japan)

Siderforgerossi (Italy)
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�:�H���W�U�D�Y�H�O�H�G���W�K�H���Z�R�U�O�G���W�R���I�L�Q�G���W�K�H���I�L�Q�H�V�W���+�6�/�$���V�W�H�H�O�V����

We found extraordinary hospitality and a keen interest in the research. 

�^���u�µ�Œ���]���^�Á�}�Œ�����D�µ�•���µ�u��
�:���‰���v���^�š�����o���t�}�Œ�l�•�X

�^�]�����Œ�(�}�Œ�P���Œ�}�•�•�]���,�������‹�µ���Œ�š���Œ�•
���Œ�•�]���Œ�}�U���/�š���o�Ç�X

�:�^�t���Á�]�o�o���]�v�]�š�]���o�o�Ç���‰�Œ�}�À�]�������ð���(�}�Œ�P�������‰�o���š���•���}�(�����^�d�D�����ñ�ì�ô���'�Œ�X���ð�E

�� �9 �D�v �9 �^�]�����9 �W �9 �^�����9 ���Œ���9 �E�]���9 �D�}���9 ���µ���9���o���9

�ì�X�î�ï �ì�X�î�r�ì�X�ð �ì�X�ð�ì�X�ì�î �ì�X�ì�î �í�X�ñ�r�î�X�ì�î�X�ô�r�ï�X�õ�ì�X�ð�r�ì�X�ò �ì�X�î�ñ�ì�X�ì�î�ñ

�d�]���9 �s �9 �E�����9 �������9 �����9 �^�D�z�^���~�<�^�/�•�������9

�ì�X�ì�ï �ì�X�ì�ï �ì�X�ì�í �ì�X�ì�í�ñ �ì�X�ì�ì�ï �í�ì�ì �ì�X�õ�r�í�X�í

���Æ���u�‰�o�����}�(�������í�î�ô���š�}�v�����}�u�‰�}�v���v�š��
�u���������(�Œ�}�u�����^�d�D�����ñ�ì�ô���'�Œ�X���ð�E�X

�'�]�Œ�š�Z���Á���o���]�v�P���}�‰���Œ���š�]�}�v�J

Japan Steel Works partnership.
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The SMYS of the alloy is 100 ksi (690 MPa)

�$�6�7�0���$���������*�U���1�F�R�Q�V�L�V�W�V���R�I���D���W�H�P�S�H�U�H�G���P�D�U�W�H�Q�V�L�W�L�F��
�P�L�F�U�R�V�W�U�X�F�W�X�U�H�Z�L�W�K���D���I�L�Q�H���G�L�V�S�H�U�V�L�R�Q���R�I���J�O�R�E�X�O�D�U���F�D�U�E�L�G�H�V����

60

Early metallographic characterization of ASTM A508 Gr4N illustrating the fine carbide distribution 
and acicular ferrite grains. 
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�6�O�R�Z���V�W�U�D�L�Q���U�D�W�H���W�H�V�W�L�Q�J�����$�6�7�0���*����������

�7�H�V�W���S�D�U�D�P�H�W�H�U�V

�‡ Cathodic potentials: -1.1 V and       
-1.4 V vs Ag/AgCl.

�‡ 72 hour pre-charging of test 
samples under cathodic protection.

�‡ Strain rate: 1 x 10-6 s-1

�0�H�D�V�X�U�H�P�H�Q�W�V���$�6�7�0���*��������

�‡ Plastic elongation ratio: RE.

�‡ Reduction in area ratio: RA.

�‡ Area under stress-strain curve, 
ultimate tensile strength.

Counter electrode

Reference electrode

Tensile sample3.5 % NaCl-solution
(+ Thiosulfate)

Where next?
Limits of conventional LAS for sour service

�3�U�R�M�H�F�W���5�R�D�G�P�D�S

Identify ideal HSLA steel composition. Q4 2018

Test hydrogen cracking resistance under cathodic protection. 2019

Sulfide stress cracking resistance under simulated H2S 
conditions (Thiosulfate solution). 2019

NACE/ISO 15156-2 qualification program using our new H2S 
testing facilities. 2020

Timeline
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�0�D�W�H�U�L�D�O���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q

�‡�&�K�H�P�L�F�D�O���F�R�P�S�R�V�L�W�L�R�Q��

�‡�/�L�J�K�W���2�S�W�L�F�D�O���0�L�F�U�R�V�F�R�S�\�����/�2�0����

�‡�6�F�D�Q�Q�L�Q�J���(�O�H�F�W�U�R�Q���0�L�F�U�R�V�F�R�S�\�����6�(�0������

�‡�(�O�H�F�W�U�R�Q���%�D�F�N�V�F�D�W�W�H�U���'�L�I�I�U�D�F�W�L�R�Q�����(�%�6�'����

�‡�7�U�D�Q�V�P�L�V�V�L�R�Q���(�O�H�F�W�U�R�Q���0�L�F�U�R�V�F�R�S�\�����7�(�0����

�0�H�F�K�D�Q�L�F�D�O���7�H�V�W�L�Q�J

�‡�9�L�F�N�H�U�V���+�D�U�G�Q�H�V�V�����$�6�7�0���(���������D�Q�G���0�L�F�U�R�K�D�U�G�Q�H�V�V�����$�6�7�0���(��������

�‡�&�R�Q�Y�H�Q�W�L�R�Q�D�O���7�H�Q�V�L�O�H���W�H�V�W�L�Q�J�����$�6�7�0���(�����(���0��

�‡�6�O�R�Z���V�W�U�D�L�Q���U�D�W�H���W�H�V�W�L�Q�J�����$�6�7�0���*��������

�‡Air (control environment)
�‡Cathodic protection
�‡Cathodic protection + Thiosulphate (simulated H2S conditions)

�‡�)�R�U�P�D�O���1�$�&�(���,�6�2�������������������T�X�D�O�L�I�L�F�D�W�L�R�Q���X�V�L�Q�J���+���6���W�H�V�W�L�Q�J���I�D�F�L�O�L�W�L�H�V����������������
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�7�K�H���1�$�&�(���V�R�X�U���V�H�U�Y�L�F�H���T�X�D�O�L�I�L�F�D�W�L�R�Q���Z�L�O�O���E�H���S�H�U�I�R�U�P�H�G���D�W���W�K�H��
�Q�H�Z���&�X�U�W�L�Q���&�R�U�U�R�V�L�R�Q���&�H�Q�W�U�H���(�;�7�5�(�0�(���/�D�E�R�U�D�W�R�U�\��

�7�K�H���(�;�7�5�(�0�(���/�D�E���D�O�O�R�Z�V���W�H�V�W�L�Q�J���L�Q���S�X�U�H���K�L�J�K���S�U�H�V�V�X�U�H���+���6�����+���6���P�L�[�W�X�U�H�V�����D�Q�G��

�K�\�G�U�R�J�H�Q���J�D�V���D�Q�G���Z�L�O�O���E�H���X�V�H�G���I�R�U���W�K�H���I�R�U�P�D�O���1�$�&�(���,�6�2���T�X�D�O�L�I�L�F�D�W�L�R�Q���S�U�R�J�U�D�P��

�W�Œ�}�}�(���Z�]�v�P�•�U���^�o�}�Á��
�^�š�Œ���]�v���Z���š�����d���•�š�]�v�P�U��
���v�������µ�•�š�}�u���Œ�]�P�•�X

�, �î �Z���•�����Œ���Z��
�D�]���Œ�}���]���o�����}�Œ�Œ�}�•�]�}�v���˜

�,�Ç���Œ�}�P���v��
���u���Œ�]�š�š�o���u���v�š�X

�,�]�P�Z���‰�Œ���•�•�µ�Œ����
���µ�š�}���o���À�����š���•�š�]�v�P�X
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Summary

Summary

New higher strength materials are crucial to the O&G industry to safely and economically 

explore challenging, unconventional O&G reserves.

Commercial steel grades with Ni contents > 2 wt.% and proven track records in industries 

other than oil & gas are promising HSLA candidates for sour service applications.

We attracted world-class steel manufacturers and forge-masters to join the project and 

significantly contribute with their expertise and supply of steel alloys.

Initiate NACE/ISO 15156-2 qualification with most promising HSLA steel after screening 

tests under cathodic protection and simulated H2S environment.

Are dual-phase low alloy steels the answer?

Thank you!

�Y�µ���•�š�]�}�v�•�M



�+�\�G�U�D�W�H���:�D�O�O���'�H�S�R�V�L�W�L�R�Q���L�Q���&�R�U�U�R�G�H�G��
�(�Q�Y�L�U�R�Q�P�H�Q�W�V

�-�X�D�Q���'�L�D�]���0�D�W�H�X�V

�6�X�S�H�U�Y�L�V�R�U�V��
�3�U�R�I�H�V�V�R�U �=�D�F�K�D�U�\���$�P�D�Q�����8�:�$��

�3�U�R�I�H�V�V�R�U �0�D�U�L�D�Q�Q�R �,�D�Q�Q�X�]�]�L ���&�X�U�W�L�Q��

���W�K�-�X�O�\ ��������

�$�E�R�X�W���0�H

�‡ �%���6�F�����3�H�W�U�R�O�H�X�P���(�Q�J�L�Q�H�H�U�L�Q�J��
�8�Q�L�Y�H�U�V�L�G�D�G���,�Q�G�X�V�W�U�L�D�O���G�H���6�D�Q�W�D�Q�G�H�U�����8�,�6����
�������������������������&�R�O�R�P�E�L�D

�‡ �+�R�Q�R�X�U�V �G�H�J�U�H�H���L�Q���2�L�O���	���*�D�V���0�D�Q�D�J�H�P�H�Q�W��
�8�Q�L�Y�H�U�V�L�G�D�G���,�Q�G�X�V�W�U�L�D�O���G�H���6�D�Q�W�D�Q�G�H�U�����8�,�6����
���������������&�R�O�R�P�E�L�D

�‡ �5�H�V�H�D�U�F�K���(�Q�J�L�Q�H�H�U���D�W���(�2�5���5�H�V�H�D�U�F�K���*�U�R�X�S�����8�,�6��
�&�7���	���1�0�5���7�H�F�K�Q�L�T�X�H�V���I�R�U���3�R�O�\�P�H�U���)�O�R�R�G�L�Q�J��
�3�U�R�F�H�V�V�H�V
�������������������������&�R�O�R�P�E�L�D����

�‡ �0�D�V�W�H�U���R�I���(�Q�J�����L�Q���2�L�O���	���*�D�V
�7�K�H���8�Q�L�Y�H�U�V�L�W�\���R�I���:�H�V�W�H�U�Q���$�X�V�W�U�D�O�L�D�����8�:�$��
������������ �3�U�H�V�H�Q�W����

�‡ �6�X�S�H�U�Y�L�V�R�U�V
�3�U�R�I�����=�D�F�K�D�U�\���$�P�D�Q
�3�U�R�I�����0�D�U�L�D�Q�R���,�D�Q�Q�X�]�]�L ���&�X�U�W�L�Q���8�Q�L�Y�H�U�V�L�W�\��
�3�U�R�I�����(�U�L�F���0�D�\

��

�&�R�Q�F�O�X�V�L�R�Q�V

�‡�&�R�U�U�R�V�L�R�Q �H�I�I�H�F�W�V �F�R�Q�V�L�G�H�U�H�G �R�Q�O�\ �D�V �D �S�K�\�V�L�F�D�O �D�O�W�H�U�D�W�L�R�Q �R�I
�W�K�H �P�H�W�D�O �G�R �Q�R�W �L�Q�F�U�H�D�V�H �S�D�U�W�L�F�O�H �G�H�S�R�V�L�W�L�R�Q �R�Q �W�K�H �Z�D�O�O

�‡�)�H�&�2�� �S�U�R�W�H�F�W�L�Y�H �O�D�\�H�U�V �I�R�U�P�H�G �G�X�H �W�R �&�2�� �F�R�U�U�R�V�L�R�Q
�H�Q�K�D�Q�F�H �K�\�G�U�D�W�H �J�U�R�Z�W�K �D�Q�G �G�H�I�R�U�P �S�D�U�W�L�F�O�H�V

�‡�&�R�Q�W�D�F�W �Z�L�W�K �K�\�G�U�D�W�H �S�D�U�W�L�F�O�H�V �P�D�\ �U�H�P�R�Y�H �W�K�H �S�U�R�W�H�F�W�L�Y�H
�O�D�\�H�U �L�P�S�D�F�W�L�Q�J �S�L�S�H �L�Q�W�H�J�U�L�W�\ �D�Q�G �F�R�U�U�R�V�L�R�Q �V�W�U�D�W�H�J�\
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�/�L�Q�N�L�Q�J���+�\�G�U�D�W�H���D�Q�G���&�R�U�U�R�V�L�R�Q���6�F�L�H�Q�F�H

�(�[�D�P�L�Q�H���H�[�L�V�W�L�Q�J���S�U�D�F�W�L�F�H�V���D�Q�G���W�H�F�K�Q�R�O�R�J�L�H�V���I�R�U���I�H�D�V�L�E�L�O�L�W�\��
�‡ �,�Q�W�H�U�O�L�Q�N���L�Q�W�H�U�D�F�W�L�R�Q�V���E�H�W�Z�H�H�Q�� �G�L�I�I�H�U�H�Q�W���I�O�R�Z���D�V�V�X�U�D�Q�F�H���U�L�V�N�V
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�‡ �+�\�G�U�D�W�H�V�� �D�Q�G���F�R�U�U�R�V�L�R�Q���P�D�Q�D�J�H�P�H�Q�W�� �V�W�U�D�W�H�J�L�H�V��
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�/�R�Z���7���+�L�J�K���3
�7�L�H�E�D�F�N�V

�&�U�R�V�V���L�Q�W�H�U�D�F�W�L�R�Q�V��
�U�H�P�D�L�Q���X�Q�N�Q�R�Z�Q

�&�R�U�U�R�V�L�R�Q���5�H�V�L�V�W�D�Q�W���$�O�O�R�\��
���&�5�$��

�&�D�U�E�R�Q���6�W�H�H�O

�‡ �&�R�U�U�R�V�L�R�Q���U�H�V�L�V�W�D�Q�W
�‡ �(�[�F�H�V�V�L�Y�H�� �F�D�S�L�W�D�O���F�R�V�W�V��

�‡ �&�K�H�D�S�H�U���F�D�S�L�W�D�O���F�R�V�W�V
�‡ �&�R�U�U�R�V�L�R�Q���D�Q�G���K�\�G�U�D�W�H��

�L�V�V�X�H�V

�+�\�G�U�D�W�H�V���,�Q�W�H�U�D�F�W���Z�L�W�K���&�R�U�U�R�V�L�R�Q���3�U�R�W�H�F�W�L�R�Q���/�D�\�H�U�V
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�‡ �$�J�J�O�R�P�H�U�D�W�L�R�Q �L�V �W�K�H �N�H�\ �I�D�F�W�R�U �W�R �K�\�G�U�D�W�H�S�O�X�J �I�R�U�P�D�W�L�R�Q

�‡ �3�O�X�J�J�L�Q�J�V�H�Y�H�U�L�W�\�O�L�Q�N�H�G �W�R �I�R�U�F�H �R�I �K�\�G�U�D�W�H�D�G�K�H�V�L�R�Q�W�R �W�K�H �Z�D�O�O

�‡ �,�Q�W�H�U�Q�D�O �F�D�U�E�R�Q �G�L�R�[�L�G�H���&�2���� �F�R�U�U�R�V�L�R�Q �S�U�R�E�O�H�P�V �D�U�H �F�R�P�P�R�Q �D�W �W�K�H�F�D�U�E�R�Q �V�W�H�H�O
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