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Abstract 
 
As part of the NKS-R program, VTT, Chalmers University of Technology 
and KTH have extended the mechanical and microstructural testing in or-
der to analyze the as-aged material properties of the retired reactor pres-
sure vessel, RPV, from Barsebäck unit 2. The current phase included Im-
pact testing of material from the reactor pressure vessel and microstruc-
tural characterization of the weld metal using LOM, SEM and APT. Due to 
the nature of the work, the NKS-project is connected to a number of adja-
cent activities, including support from the Finnish Nuclear Safety Program, 
the SAFIR-program, the Swedish Radiation Safety Authority SSM and 
Swedish Centre for Nuclear Technology, SKC and Energiforsk. 
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1. Introduction/Background 
As part of the NKS-R program in 2021, VTT, Chalmers University of Technology, and KTH 
have extended the contribution to the understanding of ageing effects on Reactor pressure 
vessel steels outlined in the previous summary reports dating from 2016 to 2020 [Efsing et al. 
2016, 2018, 2019, 2020] regarding extraction, mechanical and microstructural testing, and 
analysis of materials harvested from a retired reactor pressure vessel, RPV, from the former 
Barsebäck Nuclear Power Plant. The overall objective of the study, which is a collaboration 
between the Swedish and Finnish nuclear utilities, regulatory bodies and academic resources, 
is to increase the current knowledgebase on the correctness of the existing surveillance 
programs, as well as the influence of long time thermal ageing of materials used for large 
pressure vessels in the nuclear industry such as the RPV and Pressurizer, PRZ. In 2016, a 
baseline study of the mechanical properties of the used materials to prepare the basis for a test 
program to analyze the as-aged material properties of the RPV from Barsebäck unit 2 was 
performed. Further, the program regarding the extraction methodology and the actual 
materials harvesting was outlined and initial qualification of the methodologies performed. 
Baseline assessment of the mechanical properties, literature studies and gathering of 
background information to support the testing of actual harvested materials was also part of 
the original scope. The harvesting work has been fully financed by Ringhals AB, Forsmark 
Kraftgrupp AB and OKG AB as part of an umbrella project under the auspices of Energiforsk 
with Monika Adsten as the primary program manager. The work connects to the BRUTE 
program, currently in progress under the Finnish state SAFIR umbrella ending 2022.  
 
Activities from 2018 to 2020 included planning and extraction of trepans from the RPV of 
Barsebäck 2, decontamination and preparation of these at Ringhals and shipping the samples 
to Finland. As a pre-study a number of archive materials, both identical to the actual RPV and 
other weldments produced with weld metal of the same requirements, were studied in order to 
establish beginning of life micros structural and mechanical properties. The first step in the 
actual testing was performed using material form the RPV head (RPVH). The objective here 
was to establish a credible basis for the effect of thermal ageing in the material. In 2020, 
mechanical and microstructural tests were initiated. 
 
The initial results have shown that the impact tests and hardness measurements are 
confirmative to each other, supporting suggestions made by [Efsing et al 2014] with respect to 
assessment of the effect of irradiation on the tensile and fracture mechanical properties to 
utilize hardness as an indicator for future test extension. Further, the microstructural 
characterization of the samples was extended to include also the beltline weld and was 
partially reported. 
 
The key deliverables during BREDA-RPV 2021 are the open publications on the 
microstructural assessment of material from the RPVH [Hytönen et al 2021] and the weakest 
link model development of the thermally aged material [Boåsen et al 2021].  
 
Two internal workshops have been held, one in May and one in September, via web-cast, to 
summarize the results from the mechanical testing performed so far and to bring up 
discussions on the continued activities in the area. The latter was initiated by Energiforsk to 
ensure dissemination of the results in an effective manner. The results are summarized below. 
In March, Ulla Ehrnsten presented the project including an update on the results at the Finnish 
SAFIR-2022 seminar. 
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KTH has completed a complementary activity studied the possibilities to reliably produce 
shallow edge defects on the surface of samples for mechanical testing. This is part of a 
different study but will allow for a firm foundation for future work regarding structural 
integrity of real components and the effects of constraint on irradiated and thermally aged 
material. 
 
2. Preliminary mechanical test matrix for the BREDA/BRUTE project 
A report describing the proposed work scope for the testing of mechanical properties of the 
material harvested from Barsebäck unit 2 was developed in a draft version during 2018 and 
finalized in 2019. [Boåsen 2019]. The report was transmitted to NKS as part of the reporting 
2018 [Efsing et al. 2019]. According to the proposal, it is suggested that the test matrix 
includes testing of miniature Compact Tension, C(T), and Single Edge Notch Bend, SE(B) 
specimens to evaluate ductile and cleavage fracture behaviour and the influence of constraint 
on the mechanical properties. In addition to this, the proposed testing will include Charpy-V 
impact test specimens, microstructural samples, hardness measurements and tensile test 
specimens to fully categorize the mechanical properties of the aged material. 
 
The test matrix has since then been finalized by VTT and is described in the BRUTE 
Summary report for 2020 [Ehrnstén 2020]. The report also describes the verification work 
performed to qualify the new hot-cell laboratory of VTT for work in the area. 
 
3. Mechanical properties of thermally and irradiation aged RPV steel from Barsebäck 
unit 2 
VTT has previously determined the transition curve for the reactor pressure vessel head weld 
metal by performing impact tests on 23 specimens removed from the 1/4T depth from the 
inner surface of the two of the delivered trepans from the RPVH. Analyses of the test results 
included impact energy and crack arrest force transition curve determinations as well as 
correlation evaluation between impact energy and lateral expansion and shear fracture 
appearance. When compared to the baseline results, the results indicate that the shift in the 
transition temperature for the weld metal is insignificant due to thermal embrittlement (280°C 
for 28 years). The brittle to ductile transition temperature (DBTT) T41J was -75°C, and equal 
to that of the unirradiated and unaged baseline data. The results thus show that 28 years of 
operation has not changed the DBTT due to thermal ageing. The tensile properties of the 
SAW weld metal from the RPVH have been determined at four different temperatures, i.e., 
room temperature, 125 qC, 288 qC and 300 qC and results are similar to those of the baseline 
results. The results from the impact toughness tests of the weld metal were confirmed in 2020 
from fracture toughness testing using miniature C(T) specimens. These were cut from the 
tested impact toughness test specimens, and revealed similar T0 values for the RPVH weld to 
that of the base line weld. 
 
During 2021 trepan #6 (trepan #2 by Ringhals designations), extracted from the axial beltline 
weld seam W14, was characterised comprehensively at 1/4T depth. Tensile and Charpy 
impact tests imply that the material properties are better, and consequently the transition 
temperature lower than the as delivered baseline result in the beltline. Additionally, tensile 
tests indicate discontinuity beyond the yield region. This is a possible indication of dynamic 
strain aging. 
 
Brittle fracture toughness ³Master curve´ tests confirm that the beltline weld material is 
inhomogeneous in nature. Similar to the RPVH material, a multimodal Master curve model is 
considered best to describe the material. The extent of the inhomogeneity is lesser in the 
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beltline than in the RPVH, however. The lower confidence bound is subsequently higher, 
again implicating better material in the beltline than the RPVH. 
 
KTH has continued the effort on a weakest link model for brittle fracture that uses state of the 
art Finite Element Modelling (FEM) to study the effect of constraint on thermally aged 
material. The main bulk of the work is reported in [Boåsen 2021]. The framework is used in 
an expansion work performed by Daniela Klein at KTH. Daniela started her work with 
simulations of the proposed Round Notch Bend, RNB, specimens addressing the wish to find 
a specimen that would fail by one of the two proposed mechanisms only. The tests are now 
conducted, but the SEM evaluation is still pending due to the limitations set by the pandemic 
situation. The plan was to do these in Finland with VTT. The investigation is necessary to 
know if the initiation mechanisms proposed by Boåsen in his thesis work was predicted 
correctly. The outcome of the effort will be reported in future progress reports. Additionally, 
Shuyue Wang has started a complimentary project at KTH, supported by SKC, Swedish 
Centre for Nuclear Technology, aiming at expanding the modelling framework into the 
ductile failure regime. Thus, two further students are included in the future work and 
networking. 
 
+HUH�LW�FDQ�DOVR�EH�QRWHG�WKDW�0DJQXV�ZDV�DZDUGHG�WKH�6LJYDUG�(NOXQG¶V�3UL]H�IRU�EHVW�3K'�
thesis for 2021 at the annual SKC seminar in October 2021. This marks the second straight 
year a Ph. D. student funded by NKS with-in the BREDA-project is awarded this price since 
Kristina Lindgren, Chalmers was the recipient of the price in 2020.  
 
The test matrix for the remainder of the project was determined. Circumferential weld seam 
W16 in the beltline will be investigated similarly as the axial weld seam W14 in the same 
region and W28 in the head region. Tensile tests are increased, in order to investigate possible 
dynamic strain aging observed during testing of the axial beltline weld seam. Otherwise 
investigations follow similar structure to the previous materials. Surveillance materials, as 
well as accelerated irradiation specimens take focus once testing of W16 is finished. 
 
Along the research done on Barsebäck 2 materials, the test methodology at VTT was further 
developed in 2021. Reconstitution of new impact specimens in hot cells from previously 
tested specimen halves was validated. A new tool for splitting of specimens not split 
completely during testing was designed and installed. Polishing of irradiated samples for 
microstructural examinations was developed, as well as GD-OES measurement, among 
others. Multiple tools for in-cell usage with manipulators were introduced. All progress has 
further trained the staff at VTT for expedited and secure specimen handling, testing and 
examination. 
 
4. Microstructural analysis of weld metal 
 
So far, detailed fractographic and microstructural investigations were performed on the 
impact and toughness specimens from the RPVH weld metal. Initiation at secondary particles 
was observed with lower toughness values correlating to larger initiating particles. Both 
broken and debonded particles were observed. The investigations revealed also an effect of 
the microstructure on the toughness, being lower when initiation occurs in the re-heated 
microstructure compared to as-welded microstructure. A scientific paper on the results from 
the impact toughness specimens investigation is in press. 
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The microstructure of the weld metal in the belt-line weld has been examined with optical 
microscope, SEM and EBSD techniques. The structure is typical of high quality welds, but 
there are possible small differences between the RPVH and beltline materials. EBSD 
mappings illustrate several different types of ferrite formations expected in the multipass 
welds. Fracture surfaces of specimens have been investigated with SEM and EDS. Similar 
features are found in brittle impact and fracture toughness specimens. Typically, an inclusion 
is found as the initiator but differences between RPVH and beltline fracture initiation are 
observed. Further study of beltline inclusions is ongoing. 
 
5. Microstructural assessment of aged material using Atom Probe Tomography (APT) 
 
The earlier achieved atom probe tomography (APT) data of the beltline region of Barsebäck 
RPV was further analysed. No obvious clustering was observed, but when performing some 
statistical analysis of the distribution of atoms, there might be some deviations between 
reference material and irradiated Barsebäck material. The extent and what this could mean in 
terms of clustering will be investigated by further data investigation during the coming year. 
 
The project on annealing and hardness measurements and correlation to APT measurements 
of the Ringhals RPV surveillance and materials test reactor irradiated weld metal was 
continued. This year, some more of the annealed specimen were sent to Chalmers for APT 
analysis. All the new and earlier results were then summed up and written into a manuscript, 
that was submitted before the end of 2021. The paper was accepted in February 2022. 
 
In the end of 2020, Kristina Lindgren was awarded funding from Jacob Wallenbergs 
Foundation to spend on research within materials science. In October 2021, she presented at 
the yearly seminar for the awardees at Slottsviken, including some examples on RPV steels. 
Kristina also made an on-line guest lecture at VTT on the use of APT as an analysis tool at 
VTT in June 2021. Chalmers is also involved in an EU-funded program, ENTENTE, on RPV 
steels. 
 
A side note is that Chalmers will get a new APT instrument during 2022. The instrument is 
called LEAP 6000 XR (from Cameca) and will be replacing the existing LEAP 3000 X HR 
(Imago Scientific Instruments). 
 
6. Conclusions 
Samples have been extracted from the RPV of Barsebäck Unit 2 and those from the RPV head 
included in this program has been shipped to VTT. Several mile-stones of the project were 
completed in 2021, i.e. the mechanical testing of the RPVH was reported, and work on the 
irradiated material from the belt line commenced.  
 
The current state of the art regarding the influence of constraint on fracture properties have 
been summarized and reviewed with the objective to lay a firm foundation for the envisaged 
testing. A finite element analysis has been performed to support the forth coming mechanical 
testing using fracture mechanical test techniques.  
 
Results from the mechanical testing is starting to become available thus allowing for initial 
assessments of the resulting changes in the properties. This work is foreseen to commence in 
the end of 2022 extending into 2023 with expanded collaboration between the executing 
partners and the industrial/regulatory partners. 
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SDUWLFOH�DQG �GHYHORSV �LQWR �D �PDFURFUDFN� �+RZHYHU� � PLFUR�
FUDFNV�FDQ�DOVR�EH�LQLWLDWHG�DW�WKH�LQWHUIDFH�EHWZHHQ�VHFRQG�
DU\�SDUWLFOHV�DQG�PDWUL[HV�EHFDXVH�RI�GHERQGLQJ�>��@��1HYHU�
WKHOHVV� �VWUHVV �FRQFHQWUDWLRQ �LQ �D �SDUWLFOH �LV �DOZD\V �JUHDWHU
WKDQ �WKDW �DW �WKH �LQWHUIDFH �>��@� �7KH �ZHDNHVW �OLQN �PRGHO �IRU
FUDFN�LQLWLDWLRQ�DW�D�SDUWLFOH�ZDV�LQWURGXFHG�ILUVW�E\�:HLEXOO
>��±��@ �DQG �ODWHU �PRGLILHG �E\ �%HUHPLQ� HW �DO�� >��@� �7KH
DERYHPHQWLRQHG�PRGHOV�GHVFULEH�WKH�UHODWLRQVKLS�EHWZHHQ�D
SDUWLFOH �VL]H �DQG �SUREDELOLW\ �IRU �EULWWOH �IUDFWXUH �LQLWLDWLRQ
>����±��@� �%RZHQ� HW �DO� �>��@ �FRQFOXGHG �WKDW �FDUELGHV �LQ �D
PDUWHQVLWLF�EDVH�PDWHULDO�DUH�SULPDU\�LQLWLDWRUV�RI�EULWWOH�IUDF�
WXUH� �+HLQ�HW�DO�� >��@�QRWHG�D�GLIIHUHQFH�EHWZHHQ�539�EDVH
PDWHULDOV �DQG �ZHOG �PHWDOV� �LQ �ZKLFK �LQFOXVLRQV �ZHUH �WKH
SULPDU\ �LQLWLDWRUV� �,QYHVWLJDWLRQV �LQWR �WKHUPDOO\�DJHG �ZHOG
PHWDOV �DQG �VWHHOV �DW �KLJK �WHPSHUDWXUHV �KDYH �FRQFOXGHG �WKDW
WKHUPDO �DJLQJ�FKDQJHV �WKH �LQLWLDWLRQ�RI �EULWWOH �IUDFWXUH �IURP�

�
&RUUHVSRQGLQJ�DXWKRU��=DL�TLQJ�4XH������(�PDLO�=DLTLQJ�4XH#YWW�IL
��7KH�$XWKRU�V������

,QWHUQDWLRQDO�-RXUQDO�RI�0LQHUDOV���0HWDOOXUJ\�DQG�0DWHULDOV
9ROXPH�����1XPEHU����0D\�������3DJH����
KWWSV���GRL�RUJ���������V����������������
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SDUWLFOHV�WR�LQWHUJUDQXODU��,*��IUDFWXUH�>��±��@��7KXV��H[WHQV�
LYH�GDWD�RQ�WKH�UROH�RI�PLFURVWUXFWXUH�RQ�EULWWOH�IUDFWXUH�LQLWL�
DWLRQ �LV �QHHGHG �DQG �VKRXOG �EH �XVHG �LQ �IXUWKHU �GHYHORSLQJ
EULWWOH�IUDFWXUH�PRGHOV�>��@�

:HOG�PHWDOV�FRQWDLQ�VHFRQGDU\�SDUWLFOHV�RI�GLIIHUHQW�W\SHV
DQG �VL]HV� �1LFNHO ��1L�� �PDQJDQHVH ��0Q�� �DQG �VLOLFRQ ��6L�
IRUP �FRPSOH[ �LQFOXVLRQV �WKDW �SURPRWH �WKH �IRUPDWLRQ �RI
DFLFXODU�IHUULWH� �$FLFXODU �IHUULWH �LV �WKH �GHVLUHG �ZHOG �PLFUR�
VWUXFWXUH �UHVXOWLQJ �LQ �JRRG �WRXJKQHVV �SURSHUWLHV �>��±��@�
+RZHYHU� �539�RSHUDWLQJ�FRQGLWLRQV �DUH �NQRZQ�WR �SURPRWH
EULWWOHQHVV�GXH�WR�LQFUHDVHG�FOXVWHULQJ�DQG�HPEULWWOHPHQW�GXU�
LQJ�LUUDGLDWLRQ�>�±����±��@��7KHUPDO�DJLQJ�RI�D�KLJK�1L�FRQ�
WHQW �ZHOG �PHWDO �LQ �D �SUHVVXUL]HU �DW �����& �IRU ��� �\HDUV �KDV
EHHQ�REVHUYHG�WR�FDXVH�DQ�LQFUHDVH�LQ�WKH�'%77�>�@�DQG�FOXV�
WHULQJ�>��@�DQG�WKH�LQLWLDWLRQ�RI�ORZ�WRXJKQHVV�IUDFWXUH�DV�,*
IUDFWXUH� �6LQJOH�SKDVH�LQFOXVLRQV�VXFK�DV �VLPSOH�R[LGHV�DQG
VXOILGHV ��$O�2�� �0Q2� �DQG �0Q6� �FDQQRW �QXFOHDWH �DFLFXODU
IHUULWH��1XFOHDWLRQ�RQ�DQ�LQHUW�VXUIDFH�LV�D�KHWHURJHQHRXV�SUR�
FHVV�LQ�ZKLFK�LQWHUIDFLDO�HQHUJ\�LV�D�PDMRU�FRQWUROOLQJ�IDFWRU
>��@��+HQFH� �FRPSOH[ �PXOWLSKDVH �LQFOXVLRQV �DUH �KLJKO\ � HI�
IHFWLYH�QXFOHDWLRQ�VLWHV�>��@��)XUWKHUPRUH��WKH�PHFKDQLVP�IRU
DFLFXODU�IHUULWH�QXFOHDWLRQ�LV�GHSHQGHQW�RQ�WKH�VXUIDFH�DUHD�RI
WKH �LQFOXVLRQV� �DQG �WKXV� �LQWHUPHGLDWH�VL]HG �LQFOXVLRQV �RU
VPDOO �LQFOXVLRQV �RQ �D �KLJK �GHQVLW\ �SURPRWH �DFLFXODU �IHUULWH
QXFOHDWLRQ �HIIHFWLYHO\ �>��@� �2[LGH �LQFOXVLRQV� �WUHDWHG �DV
EULWWOH�SDUWLFOHV�WKDW�IXOILOO�WKH�*ULIILWK�FULWHULRQ�RI�EULWWOH�IUDF�
WXUH�LQLWLDWLRQ��PD\�DFW�EULWWOH�EHFDXVH�RI�WKH�LQWULQVLF�FU\VWDO
VWUXFWXUH�RU�WKH�SUHFHGLQJ�VPDOO�GHIHFWV�ZLWKLQ�WKH�LQFOXVLRQV
WKDW �DUH �OLNHO\�WR �LQLWLDWH �FOHDYDJH�IUDFWXUH� �)RU �R[\VXOILGHV�
ZKLFK�DUH�KLJKO\�GXFWLOH��PDWUL[�GHERQGLQJ�FDQ�LQGXFH�FUDFN�
LQJ�ZLWKLQ�PDWHULDOV�DQG�FDXVH�IXUWKHU�IUDFWXUH��7KH�FKDUDF�
WHUL]DWLRQ�RI�LQFOXVLRQV�RI�LQYHVWLJDWHG�ZHOG�PHWDO�LV�HVVHQWLDO
IRU�XQGHUVWDQGLQJ�EULWWOH�IUDFWXUH�LQLWLDWLRQ�PHFKDQLVPV�>��@�

7KH�LQYHVWLJDWHG �539 �ZHOG �PHWDO �LV �IURP �D � GHFRPPLV�
VLRQHG�ERLOLQJ�ZDWHU�UHDFWRU��ZKLFK�KDG�EHHQ�RSHUDWHG�IRU���

HIIHFWLYH �IXOO �SRZHU �\HDUV �DW �����&� �7KH �LQYHVWLJDWHG �ZHOG
PHWDO�LV�KLJK�LQ�1L�DQG�0Q��7KH�VDPH�ZHOG�PHWDO�LV�XVHG�LQ
VHYHUDO�UHDFWRUV��DQG�LW�KDV�EHHQ�LQYHVWLJDWHG�HDUOLHU�H�J���XV�
LQJ �VXUYHLOODQFH �PDWHULDOV �>�������±��@��7KH�FXUUHQW � LQYHVW�
LJDWLRQ �LV �SDUW �RI �ODUJHU �SURJUDPV� �QDPHO\� �%5('$ �DQG
%587(��,W �LQYROYHV �PHFKDQLFDO �WHVWLQJ�DQG�PLFURVWUXFWXUDO
FKDUDFWHUL]DWLRQ �RQ �539 �KHDG �DQG �EHOWOLQH �PDWHULDOV� �7KH
PDLQ�REMHFWLYH�RI�WKH�SURMHFW�LV�WR�YHULI\�VXUYHLOODQFH�UHVXOWV
E\ �XVLQJ �539 �PDWHULDOV �IURP �D �GHFRPPLVVLRQHG �QXFOHDU
SRZHU�SODQW �DQG �WR �JDLQ �ULFK �PHFKDQLVWLF �LQVLJKWV� � 0HDQ�
ZKLOH��WKH�FXUUHQW�VWXG\�DLPV�WR�EURDGHQ�WKH�XQGHUVWDQGLQJ�RI
WKH�IDFWRUV�DIIHFWLQJ�EULWWOH�IUDFWXUH�E\�FKDUDFWHUL]LQJ�WKH�ZHOG
PHWDO�RI�DQ�539�KHDG�UHPRYHG�IURP�D�GHFRPPLVVLRQHG�539
VXEMHFWHG�WR�WKHUPDO�DJLQJ�EXW�QRW�WR�LUUDGLDWLRQ��7KH�FKDUDF�
WHUL]DWLRQ�IRFXVHV�RQ�WKH�PLFURVWUXFWXUH��&91�EULWWOH�IUDFWXUH
LQLWLDWLRQ��DQG�SULPDU\�IUDFWXUH�LQFOXVLRQ�LQLWLDWRUV��

���([SHULPHQWDO

7KH�PDWHULDO�LQYHVWLJDWHG�KHUHLQ�ZDV�IURP�WKH�GHFRPPLV�
VLRQHG �%DUVHElFN �8QLW �� �ERLOLQJ �ZDWHU �UHDFWRU� �7KH �UHDFWRU
ZDV�LQ�RSHUDWLRQ�IRU����HIIHFWLYH�IXOO�SRZHU�\HDUV�DW�����&�
&\OLQGHU�VKDSHG �WUHSDQV �ZHUH �GULOOHG �IURP �WKH �539 �KHDG
ZHOG�DQG�XVHG�IRU�PHFKDQLFDO�WHVWV�DQG�PLFURVWUXFWXUDO�FKDU�
DFWHUL]DWLRQ��7KH�LQYHVWLJDWHG�ZHOG�PHWDO�ZDV�PDQXIDFWXUHG
XVLQJ�WKH�VXEPHUJHG�DUF�ZHOGLQJ��6$:��PHWKRG�ZKLOH�WKH
UHPDLQLQJ�a���PP��RI�WKH�a���PP�WKLFN�ZHOG�ZDV�PDGH�XV�
LQJ�PDQXDO�PHWDO�DUF��00$��ZHOGLQJ��7KH�WUHSDQV�ZHUH�PD�
FKLQHG�LQWR �VPDOOHU �VHFWLRQV �DQG �SODWHV� �IURP�ZKLFK �WKH � LQ�
YHVWLJDWHG�VSHFLPHQV�ZHUH�FXW��7KH�LQYHVWLJDWHG�ILOOHU�PDWHUL�
DOV��QDPHO\��3KRHQL[�8QLRQ�6�1L0R�LQ�WKH�6$:�ZHOG�DQG
2HUOLFRQ�7HQDFLWR����LQ�WKH�00$�ZHOG��ZHUH�KLJK�LQ�1L�DQG
0Q��7KH�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�ZHOG�EDVHG�RQ�RSWLFDO
HPLVVLRQ�VSHFWURPHWU\�LV�SUHVHQWHG�LQ�7DEOH����7KH�\LHOG�VWUH�
QJWK�DQG�WHQVLOH�VWUHQJWK�DUH�����DQG�����03D��UHVSHFWLYHO\�

�

7DEOH�������&KHPLFDO�FRPSRVLWLRQ�RI�ZHOG�PHWDO�DFFRUGLQJ�WR�RSWLFDO�HPLVVLRQ�VSHFWURPHWU\ ZW�

:HOG & 0Q 1L 6L 0R &U 6 3 &X $O 7L &R
6$:�ZHOG ����� ���� ���� ���� ���� ���� ����� ����� ����� ����� ����� �����
00$�ZHOG ����� ���� ���� ���� ���� ���� ����� ����� ����� ����� ����� �����

��

�����2SWLFDO�PLFURVFRS\

7KH�ZHOG�VROLGLILFDWLRQ�PLFURVWUXFWXUH��KHDW�DIIHFWHG�]RQH
�+$=���DQG�EDVH�PDWHULDO�ZHUH�FKDUDFWHUL]HG�XVLQJ�WKH�=HLVV
$[LR�2EVHUYHU���LQYHUWHG�RSWLFDO�PLFURVFRSH�WR�REVHUYH�DQG
GLVWLQJXLVK�WKH�GLIIHUHQW�SKDVHV�DQG�PLFURVWUXFWXUDO�IHDWXUHV�
7KH�PHWDOORJUDSK\�VSHFLPHQV�ZHUH�SROLVKHG�DQG�HWFKHG�ZLWK
�YRO��1LWDO�VROXWLRQ��+12����HWKDQRO���7KH�PXOWLSDVV�ZHOG
PLFURVWUXFWXUH�ZDV�H[DPLQHG�WKURXJK�WKH�ZDOO�WKLFNQHVV�DQG
LQYROYHG�VDPSOHV �IURP�WKH �LQQHU �ZDOO �VLGH �ZHOGHG�ZLWK �WKH
6$:�PHWKRG�DQG�WKH�RXWHU�ZDOO�VLGH�ZHOGHG�ZLWK�WKH�00$
ZHOGLQJ�PHWKRG��)LJ������0DFUR��DQG�PLFUR�KDUGQHVV�PHDV�
XUHPHQWV��+9����+9���ZHUH�SHUIRUPHG�WR�HVWDEOLVK�WKH�UHOD�

WLRQ�EHWZHHQ�PLFURVWUXFWXUH�DQG�KDUGQHVV�
7KH �ORFDWLRQ �RI �WKH �LQYHVWLJDWHG �PLFURVWUXFWXUH� �L�H�� �DV�

ZHOGHG�RU �UHKHDWHG�UHJLRQ� �ZDV�GHWHUPLQHG�IURP�FURVV �VHF�
WLRQV�SUHSDUHG�DV�FORVH�DV�SRVVLEOH�WR�WKH�LQLWLDWLRQ�VLWH�DIWHU
WKH�IUDFWRJUDSK\��

�����,QFOXVLRQ�DQDO\VLV

8VLQJ �WKH �*HQHVLV �6RIWZDUH� �WKH �GHQVLW\� �JHRPHWU\� �DQG
FKHPLFDO�FRPSRVLWLRQ�RI�LQFOXVLRQV�LQ�WKH�6$:�ZHOG�PLFUR�
VWUXFWXUH �ZDV �LQYHVWLJDWHG �WKURXJK �HQHUJ\ �GLVSHUVLYH �;�UD\
VSHFWURVFRS\��('6��ZLWK����NH9�DW�D�FXUUHQW�GHQVLW\�RI���Q$�
$Q �DXWRPDWHG �IHDWXUH�VL]LQJ �DQDO\VLV �ZDV �XVHG �IRU �WKH �VL]H

��� ,QW��-��0LQHU��0HWDOO��0DWHU����9RO�������1R������0D\�����



GLVWULEXWLRQ�DV�WKH�LQFOXVLRQV�ZHUH�UHFRJQL]HG�DXWRPDWLFDOO\
WKURXJK�SUHVHW�WKUHVKROGV�LQ�WKH�LPDJH�EULJKWQHVV�KLVWRJUDP�
6WDWLVWLFDO �FKHPLFDO �DQDO\VLV �ZDV �SHUIRUPHG �XVLQJ �*HQHVLV
&KHP��LQ�ZKLFK�SRLQW�DQDO\VLV�ZDV�DXWRPDWLFDOO\�SHUIRUPHG
IURP�WKH�FHQWURLG�RI�HDFK�UHFRJQL]HG�SDUWLFOH�

7KH�LQFOXVLRQ�DQDO\VLV�IRU�WKH�DV�ZHOGHG�DQG�UHKHDWHG�UH�
JLRQV�ZDV�FRQGXFWHG�ZLWK�DQ�LPDJLQJ�ILHOG�FRYHULQJ�DQ�DUHD
RI�����P�î�����P�RQ�DQ�LPDJH�ZLWK�D�UHVROXWLRQ�RI������S[�
UHVXOWLQJ�LQ�D�SL[HO�VL]H�RI����QP��$V���S[�LV�WKH�PLQLPXP
VL]H�IRU �IHDWXUHV �WR �EH �UHFRJQL]HG �DV �DQ �LQFOXVLRQ� �D � VXIIL�
FLHQWO\ �LGHQWLILHG �PLQLPXP�LQFOXVLRQ �VL]H �LV ��� �QP� �,Q �WKLV
ZRUN�������LQFOXVLRQV��IURP�HLJKW�ILHOGV��DQG�����LQFOXVLRQV
�IURP�QLQH �ILHOGV� �ZHUH �DQDO\]HG �IRU �WKH �DV�ZHOGHG �DQG � UH�
KHDWHG�]RQHV��UHVSHFWLYHO\�

7KH�DQDO\VLV�RI�WKH�SRWHQWLDO�SULPDU\�EULWWOH�IUDFWXUH�LQFOX�
VLRQV �ZLWK �ODUJH �VL]HV ��!����� �P� �ZDV �FRQGXFWHG �ZLWK �DQ
LPDJLQJ�ILHOG�FRYHULQJ�DQ�DUHD�RI��������P�î��������P�RQ�DQ
LPDJH�ZLWK�D�UHVROXWLRQ�RI������S[��UHVXOWLQJ�LQ�D�SL[HO�VL]H�RI
����QP��$�WRWDO�RI�����ILHOGV�ZHUH�H[DPLQHG��DQG������LQFOX�
VLRQV�ZHUH�DQDO\]HG�ZLWK�D�WRWDO�VFDQQHG�DUHD�RI������PP���

�����&KDUS\�9�QRWFK�LPSDFW�WRXJKQHVV�WHVWLQJ

7KH�&91 �LPSDFW �WRXJKQHVV �VSHFLPHQV �ZHUH �WHVWHG � DF�
FRUGLQJ �WR �WKH �VWDQGDUG �6)6�(1�,62����������� �>��@� �7KH
WHVWV �ZHUH �SHUIRUPHG �XVLQJ �D �=ZLFN �5.3��� �LQVWUXPHQWHG
SHQGXOXP �ZLWK �DXWRPDWLF �WHPSHUDWXUH �FRQWURO �DQG �IHHGLQJ
V\VWHP� �7KH �SHQGXOXP �ZDV �HTXLSSHG �ZLWK �D ���PP �VWULNHU
ZLWK�D�QRPLQDO�LPSDFW�HQHUJ\�RI�����-��,QVWUXPHQWHG�VWUDLQ
JDXJHV�LQ�WKH�VWULNHU�WLS�PHDVXUHG�WKH�LPSDFW�IRUFH�DQG�ZDV
FRPSDUHG �ZLWK �GHIOHFWLRQ �LQ �WHUPV �RI �WKH �SHQGXOXP �DQJOH�
7KH�IULFWLRQDO�ORVV�PHDVXUHG�UHJXODUO\�IRU�IUHH�VZLQJV�DQG�HV�
WLPDWHG�LQGLYLGXDOO\�IRU�HDFK�WHVW�FRQVLVWHQWO\�\LHOGHG�D�ORVV
RI����±����-�

7KH �VWDQGDUG �VSHFLPHQV �PHDVXUHG ��� �PP �î ��� �PP �î
���PP��7KH�VSHFLPHQV�IRU �WKH �&91�LPSDFW �WRXJKQHVV �WHVW
ZHUH�FXW�DW�RQH�TXDUWHU�IURP�WKH�LQQHU�VXUIDFH��ZLWK�WKH�QRWFK
LQ�WKH�PLGGOH�RI�WKH�ZHOG��7KH�RULHQWDWLRQ�RI�WKH�&91�VSHFL�

PHQV�ZDV�7�6��ZKLFK�LV�GLIIHUHQW�IURP�WKH�UHFRPPHQGHG�7�/
RULHQWDWLRQ�>��@� �,Q�WKH�ZHOG�VWUXFWXUH� �/�LV �WKH�ORQJLWXGLQDO
GLUHFWLRQ�RI�ZHOGLQJ�DURXQG�WKH�539�ZKLOH�6�LV�WKH�EXLOGLQJ
GLUHFWLRQ�RI�WKH�PXOWLSDVV�ZHOG�

7KH�WUDQVLWLRQ�FXUYH�ZDV�IRUPHG�E\�WKH�WUDQVLWLRQ�WHPSHU�
DWXUH�UHIHUHQFH�SRLQWV�GHWHUPLQHG�DW�LPSDFW�WRXJKQHVV�HQHU�
JLHV�RI���������DQG����-�RQ�D�WDQK�FXUYH�ZLWK�D�ORZ�VKHOI�LP�
SDFW�HQHUJ\�FRQVHUYDWLYHO\�VHW�WR���-�DQG�DQ�XSSHU�VKHOI�HV�
WLPDWHG�DV�WKH�PHDQ�RI�FRPSOHWHO\�GXFWLOH�WHVWV��7KH�ILUVW�WHVW
ZDV �SHUIRUPHG �DW �DPELHQW �WHPSHUDWXUH� �DQG �WKH �VXEVHTXHQW
WHPSHUDWXUHV�ZHUH�VHOHFWHG�DFFRUGLQJ�WR�WKH�GHYHORSPHQW�RI
WKH�WUDQVLWLRQ�FXUYH��

�����)UDFWRJUDSKLF�H[DPLQDWLRQ

7KH�IUDFWXUH�VXUIDFHV�RI�QLQH�&91�VSHFLPHQV�ZLWK�EULWWOH�
OLNH�IUDFWXUH�DSSHDUDQFH�IURP�WKH�ORZHU�VKHOI�RI�WKH�WUDQVLWLRQ
FXUYH�ZHUH �LQYHVWLJDWHG �XVLQJ �WKH �VFDQQLQJ �HOHFWURQ �PLFUR�
VFRSH�=HLVV�&URVVEHDP������7KH�FKDUDFWHUL]DWLRQ�IRFXVHG�RQ
WKH �SULPDU\ �IUDFWXUH �LQLWLDWLRQ �VLWHV �DQG �WKHLU �VXUURXQGLQJ
DUHDV� �7KH �GLVWDQFH �RI �WKH �LQLWLDWLRQ �ORFDWLRQ �ZDV �PHDVXUHG
IURP�WKH�9�QRWFK�WR�IXUWKHU�HYDOXDWH�WKH�WULD[LDO�VWUHVV�VWDWH�

7KH �DLP�RI �WKH �DQDO\VLV �ZDV �WR �LGHQWLI\ �WKH �IHDWXUHV �DQG
ORFDO�FKHPLFDO�FRPSRVLWLRQ�GLIIHUHQFHV�DW�RU�DGMDFHQW�WR�WKH
IUDFWXUH�LQLWLDWLRQ�VLWHV�WKDW�H[HUWHG�DQ�LPSDFW�RQ�IUDFWXUH�EH�
KDYLRU� �7KH �VHPLTXDQWLWDWLYH �FKHPLFDO �FRPSRVLWLRQV �RI �WKH
SULPDU\�IUDFWXUH�DUHD�DQG�LQLWLDWLRQ�VLWH�ZHUH�REWDLQHG�XVLQJ
('$;�2FWDQH�3OXV�('6��7KH�WRSRJUDSK\�RI�WKH�IUDFWXUH�VXU�
IDFH�LQHYLWDEO\�DIIHFWV�('6�PDSSLQJ��+HUHLQ��WKH�VHPLTXDQW�
LWDWLYH �UHVXOWV �UHYHDOHG �WKH �GLIIHUHQW �FRPSRVLWLRQV �RI �WKH
SDUWLFOHV�UHODWLYH�WR�WKH�VXUURXQGLQJ�ZHOG�DQG�FRXOG�WKXV�EH
FRPSDUHG�ZLWK�WKH�UHVXOWV�RI�WKH�LQFOXVLRQ�DQDO\VLV��

���5HVXOWV�

�����0LFURVWUXFWXUH

7KH�PXOWLSDVV �ZHOG �LV �EXLOW �E\ �ZHOG �EHDGV �ZLWK �DYHUDJH
KHLJKWV �RI �� �DQG �� �PP �LQ �WKH �ZHOG �SDUWV �IURP �6$: �DQG

�

(a) (b)

5 mm 5 mm

)LJ��������6SHFLPHQV�IRU�WKH�FKDUDFWHUL]DWLRQ�RI�LQYHVWLJDWHG�ZHOG���D��VSHFLPHQ�IURP�WKH�LQQHU�ZDOO�VLGH�ZHOGHG�E\�WKH�6$:�PHWKRG�
�E��VSHFLPHQ�IURP�WKH�RXWHU�ZDOO�VLGH�ZHOGHG�E\�WKH�00$�ZHOGLQJ�PHWKRG��'LIIHUHQW�PHWDOOXUJLFDO�UHJLRQV�DUH�LQGLFDWHG�XVLQJ�DU�
URZV��L�H���EDVH�PDWHULDO��%0���ZHOG�PHWDO��:0���ILQH�JUDLQHG��)*���DQG�FRDUVH�JUDLQHG��&*��+$=�

1��+\W|QHQ�HW�DO���(IIHFW�RI�ZHOG�PLFURVWUXFWXUH�RQ�EULWWOH�IUDFWXUH�LQLWLDWLRQ�LQ�WKH�WKHUPDOO\�DJHG�ERLOLQJ�ZDWHU���� ���



00$�ZHOGLQJ��UHVSHFWLYHO\��ZLWK�UHKHDWHG�UHJLRQV�PHDVXU�
LQJ �DSSUR[LPDWHO\ �� �PP �LQ �KHLJKW� �7KH �+$= �LV �XQLIRUP
WKURXJKRXW �WKH �ZHOG �DQG �FDQ �EH �GLYLGHG �LQWR �ILQH�JUDLQHG
�)*��DQG�FRDUVH�JUDLQHG��&*��UHJLRQV��7KH�ZHOG�PLFURVWUXF�
WXUH �LV �VKRZQ �LQ� )LJ� ��� �7KH �HSLWD[LDO �JUDLQ �JURZWK �EHJLQV
IURP �WKH �&*�+$= �DFURVV �WKH �IXVLRQ �OLQH �LQ �WKH �SUHIHUUHG
FU\VWDOORJUDSKLF �GLUHFWLRQ �����! �DQG �LQZDUGV �WR �WKH �ZHOG
�)LJ����D����7KH�DFLFXODU�IHUULWH�IRUPV�LQWR�WKH�SDUHQW�DXVWHQ�
LWH�JUDLQV�GXULQJ�WKH�VROLGLILFDWLRQ�RI�WKH�ZHOG�EHDG��0RVW�RI
WKH�GHQGULWLF�ZHOG�EHDGV�FRQVLVW�RI�LQWUDJUDQXODUO\�QXFOHDWHG
DFLFXODU�IHUULWH�ZLWK�VPDOO�IUDFWLRQV�RI�JUDLQ�ERXQGDU\�IHUULWH
EHWZHHQ�WKH�GHQGULWHV��)LJ����E����$FLFXODU�IHUULWH�KDV�D�W\SLF�
DO�ILQH�EDVNHW�ZHDYH�VWUXFWXUH�DQG�GLIIHUV�VLJQLILFDQWO\�IURP
WKH �SUH�HXWHFWRLG �JUDLQ �ERXQGDU\ �IHUULWH �REVHUYHG �DV �OLJKW�

FRORUHG�HORQJDWHG�DUHDV�
,Q�PXOWLSDVV�ZHOGLQJ��WKH�KHDW�LQSXW�IURP�FRQVHFXWLYH�OD\�

HUV�DIIHFWV�WKH�PLFURVWUXFWXUH�RI�WKH�DV�ZHOGHG�JUDLQ�VWUXFWXUH
E\�UHILQLQJ�WKH�GHQGULWLF�JUDLQV�WKURXJK�UHFU\VWDOOL]DWLRQ��7KH
UHKHDWHG �PLFURVWUXFWXUH �DOLJQV �WKH �IDQ�VKDSHG�ZHOG �EHDG �RI
WKH�QHZ�ZHOG�OD\HU��7KH�UHKHDWHG�PLFURVWUXFWXUH�LV�VKRZQ�LQ
)LJ����F���ZKHUH�WKH�PLFURVWUXFWXUH�PDLQO\�FRQVLVWV�RI�SRO\�
JRQDO�IHUULWH��3RO\JRQDO�IHUULWH�DSSHDUV�DV�OLJKW�FRORUHG�DUHDV
LQ �WKH �PLFURVWUXFWXUH �ZLWKRXW �D �SDUWLFXODU �VKDSH� �7KH �6$:
DQG�00$�ZHOGV �VKRZ�QR�VLJQLILFDQW �GLIIHUHQFHV �LQ �PLFUR�
VWUXFWXUH��2QO\�D�IHZ�ODUJH�7L&�SDUWLFOHV�DUH�REVHUYHG�LQ�WKH
00$�ZHOG��DQG�WKH\�PD\�EH�GXH�WR�WKH�LPSXULWLHV�IURP�WKH
ZHOGLQJ�SURFHVV��,Q�WKH�00$�+$=�UHJLRQ��D�IHZ�JUDLQV�RI
PDUWHQVLWH�DUH�REVHUYHG�

�
�

(a) (b) (c)

����ȝP ���ȝP ���ȝP

)LJ���� �� ��5HJLRQV�RI�ZHOG�PLFURVWUXFWXUH���D��HSLWD[LDO�JURZWK�RYHU�WKH�IXVLRQ�ERXQGDU\�IURP�WKH�SDUHQW�JUDLQ�LQ�WKH�&*�+$=�WR�
ZDUG�WKH�ZHOG�VROLGLILFDWLRQ�EHDG���E��ZHOG�EHDG�PLFURVWUXFWXUH�ZLWK�DFLFXODU�IHUULWH�DQG�JUDLQ�ERXQGDU\�IHUULWH���F��UHKHDWHG�PLFUR�
VWUXFWXUH�FRQWDLQLQJ�PDLQO\�SRO\JRQDO�IHUULWH�
�

7KH �9LFNHUV �KDUGQHVV �UHVXOWV �PHDVXUHG �RQ ������1 �ORDG
DFURVV�WKH�ZHOG�EXLOG�XS�WKLFNQHVV�IURP�WKH�LQQHU�ZDOO�WR�WKH
RXWHU�ZDOO�DUH�VKRZQ�LQ�)LJ�����ZKLFK�KLJKOLJKWV�DQ�DYHUDJH
KDUGQHVV�RI �+9����������� �7KH�ORZHU�KDUGQHVV�RI �XS�WR���
PP�IURP�WKH�LQQHU�ZDOO�LV�GXH�WR�WKH�WKHUPDO�HIIHFW�IURP�WKH

FODGGLQJ �SURFHVV� �7KH �SORWV �GR �QRW �LQGLFDWH �GLIIHUHQFHV
EHWZHHQ�WKH�WZR�ZHOGLQJ�PHWKRGV��+9��LV�PHDVXUHG�RYHU�WKH
IXVLRQ�OLQH��LQGLFDWLQJ�WKH�KLJKHVW�KDUGQHVV�SHDN�DW�WKH�&*�
+$=�UHJLRQ��$FFRUGLQJ�WR�WKH�KDUGQHVV�PHDVXUHPHQWV� �L�H��
+9���DQG�+9���QR�ODUJH�DUHDV�VKRZ�D�KDUGHQHG�PLFURVWUXF�
WXUH�EHFDXVH�WKH�VL]H�RI�WKH�PDUWHQVLWLF�JUDLQV�LV�VPDOOHU�WKDQ
WKDW�RI�WKH�LQGHQWV��

�����,QFOXVLRQ�DQDO\VLV

7KH�VHFRQGDU\�SDUWLFOHV�LQ�WKH�DV�ZHOGHG�DQG�UHKHDWHG�PL�
FURVWUXFWXUDO�UHJLRQV�DUH�LQYHVWLJDWHG�VHSDUDWHO\�RQ�WKH�PHWDO�
ORJUDSK\�VSHFLPHQV��7KH�DQDO\VHV�LQFOXGH�WKH�LQFOXVLRQ�GLV�
WULEXWLRQ�DQG�JHRPHWU\�DQDO\VLV��VL]H��DVSHFW�UDWLR��DUHD��DQG
GLDPHWHU���7DEOH���SUHVHQWV�WKH�DYHUDJH�GLDPHWHU�DQG�GHQVLW\
RI �WKH �LQFOXVLRQV �IRU �WKH �DV�ZHOGHG �DQG �UHKHDWHG �UHJLRQV�
:LWK�UHJDUG�WR�WKH�LQFOXVLRQ�GHQVLW\��WKH�DV�ZHOGHG�UHJLRQ�KDV
DSSUR[LPDWHO\ ���� �WLPHV �PRUH �LQFOXVLRQV �WKDQ �WKH �UHKHDWHG
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)LJ� ��� �� ��+9���UHVXOWV �EDVHG�RQ�ZDOO �WKLFNQHVV� �7KH�UHVXOWV �DUH
GLYLGHG �LQWR �DV�ZHOGHG �DQG �UHKHDWHG �UHJLRQV �ZLWK �6$: �RU
00$ �ZHOGLQJ �PHWKRGV� �WKH �EXLOG�XS �WKLFNQHVV �LV �PHDVXUHG
IURP�WKH�LQQHU�ZDOO�WR�RXWHU�ZDOO�

7DEOH�������$YHUDJH�LQFOXVLRQ�VL]H�DQG�GHQVLW\�LQ�DV�ZHOGHG�DQG
UHKHDWHG�PLFURVWUXFWXUHV

5HJLRQ $YHUDJH�GLDPHWHU����P 'HQVLW\���PPí�

$V�ZHOGHG ����� �����
5HKHDWHG ����� �����

��� ,QW��-��0LQHU��0HWDOO��0DWHU����9RO�������1R������0D\�����



UHJLRQ��7KH�DYHUDJH�VL]H�LV�VOLJKWO\�VPDOOHU�LQ�WKH�DV�ZHOGHG
UHJLRQ���������P��WKDQ�LQ�WKH�UHKHDWHG�PLFURVWUXFWXUH�������
�P���6WDWLVWLFDOO\��WKH�PRVW�SUREDEOH�LQFOXVLRQ�VL]HV�DUH�����
�P�LQ�WKH�DV�ZHOGHG�UHJLRQ�DQG�������P�LQ�WKH�UHKHDWHG�UH�
JLRQ��)LJ� ���D����7KH�DVSHFW�UDWLR�RI�DOO �WKH�PHDVXUHG�LQFOX�
VLRQV�LV�FORVH�WR��� �LQGLFDWLQJ�WKDW�WKH�LQFOXVLRQV�DUH�PRVWO\
VSKHULFDO�DV�H[SHFWHG�

7KH�DQDO\VLV�RI�WKH�SRWHQWLDO�SULPDU\�EULWWOH�IUDFWXUH�LQLWL�
DWRUV�ZLWK�ODUJH�VL]HV������±���P��UHYHDOV������LQFOXVLRQV�LQ
D �WRWDO �VFDQQHG �DUHD �RI ����� �PP�� �UHVXOWLQJ �LQ �DQ �LQFOXVLRQ

GHQVLW\�RI������PPí���7KH�LQFOXVLRQ�GHQVLW\�ZLWK�WKH�LQFOX�
VLRQ�GLDPHWHUV�RI�WKH�SRWHQWLDO�SULPDU\�EULWWOH�IUDFWXUH�LQFOX�
VLRQV�LV�VKRZQ�LQ�)LJ����E���7KH�VPDOOHVW�DQG�ELJJHVW�LQFOX�
VLRQV�UHFRUGHG�KHUHLQ�KDYH�GLDPHWHUV �RI ������DQG�������P�
UHVSHFWLYHO\��+RZHYHU��RQO\�WKUHH�LQFOXVLRQV�KDYH�GLDPHWHUV
ODUJHU�WKDQ������P�LQ�WKH�VFDQQHG�DUHD��7KH�LQFOXVLRQ�GHQVLW\
RI �WKH �SRWHQWLDO �SULPDU\ �EULWWOH �IUDFWXUH �LQFOXVLRQV �LV �PRUH
UHDVRQDEOH�WKDQ�WKH�DYHUDJH�UHVXOWV �IURP�WKH�DV�ZHOGHG�DQG
UHKHDWHG�UHJLRQV�VKRZQ�LQ�)LJ����D���WKH�DFFXPXODWHG�GHQVLW\
RI�SDUWLFOHV�ZLWK�GLDPHWHUV�DERYH������P��
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)LJ���������D��,QFOXVLRQ�GHQVLW\�ZLWK�LQFOXVLRQ�GLDPHWHUV�LQ�WKH�DV�ZHOGHG�DQG�UHKHDWHG�UHJLRQV�IROORZLQJ�WKH�ORJ�QRUPDO�ILWWLQJ���E��LQFOXVLRQ
GHQVLW\�ZLWK�LQFOXVLRQ�GLDPHWHUV�IRU�WKH�SRWHQWLDO�SULPDU\�EULWWOH�IUDFWXUH�LQLWLDWRUV�LQ�ZHOG�PHWDO�
�

7KH �FKHPLFDO �DQDO\VHV �DUH �FRQGXFWHG �ZLWK �WKH �HOHFWURQ
EHDP�VHW �DW ����NH9��ZKLFK�SURGXFHV�DQ�LQWHUDFWLRQ�YROXPH
ZLWK�D�GLDPHWHU�RI�DERXW�����QP�RQ�)H��EDVHG�RQ�D�0RQWH
&DUOR �VLPXODWLRQ �DQG �FRPSDUDEOH �WR �WKH �GHWHFWHG �LQFOXVLRQ
VL]H���/LPLWHG�EDFNJURXQG�VLJQDOV�IURP�WKH�PDWUL[�PDWHULDOV
DUH�FROOHFWHG��DQG�WKH\�OHDG�WR�D�UHDVRQDEO\�SUHFLVH�FKHPLFDO
FRPSRVLWLRQ�DQDO\VLV��7KH�DYHUDJH�FKHPLFDO�FRPSRVLWLRQ�RI

WKH������ODUJH�LQFOXVLRQV�LQ�ZHOG�PHWDO�LV�OLVWHG�LQ�7DEOH���
7KH�PDLQ�HOHPHQWV�GHWHFWHG�DUH�)H��0Q��$O��6L��2��DQG�6��,Q
)LJ� ��� �WKH �PDLQ �HOHPHQWV �DUH �JLYHQ �LQ �WHUQDU\ �GLDJUDPV �RI
0Q±6L±$O�DQG �6±)H±2� �7KH �HOHPHQW �FRQWHQW �RI �WKH � LQFOX�
VLRQ�LV�KLJKHU�ZKHQ�WKH�FLUFOH�LV�FORVHU�WR�WKH�FRUQHU��DQG�WKH
VL]H�RI�WKH�FLUFOH�FRUUHVSRQGV�WR�WKH�VL]H�RI�WKH�LQFOXVLRQ��7KH
FRORU�RI�WKH�FLUFOH�LV�D�PL[�RI�5*%�FRORUV�DQG�YDULHV�ZLWK�WKH
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)LJ������ ��7HUQDU\�GLDJUDPV�RI�PDMRU�HOHPHQWV��0Q±$O±6L�DQG�6±)H±2��DQG�VL]H�FRUUHODWLRQV�IRU�WKH�SRWHQWLDO�SULPDU\�EULWWOH�IUDF�
WXUH�LQFOXVLRQV²WKH�DQDO\VLV�LV�FRQGXFWHG�XVLQJ�ODUJH�LQFOXVLRQ�SDUWLFOHV��WKH�VL]H�VFDOH�LV�SUHVHQWHG�LQ�WKH�PLGGOH�

1��+\W|QHQ�HW�DO���(IIHFW�RI�ZHOG�PLFURVWUXFWXUH�RQ�EULWWOH�IUDFWXUH�LQLWLDWLRQ�LQ�WKH�WKHUPDOO\�DJHG�ERLOLQJ�ZDWHU���� ���



FRQFHQWUDWLRQ �RI �WKH �FRUQHU �HOHPHQWV� �7KH �LQFOXVLRQV �LQ �WKH
ZHOG�PHWDO�DUH�PDLQO\�)H±0Q±$O�FRQWDLQLQJ��6�2�FRPSOH[
FRPSRXQGV��ZKLFK�FRQVLVW�RI�PL[LQJ�R[LGHV��$O��6L��)H��DQG
0Q�R[LGHV��DQG�VXOILGHV��0Q�DQG�)H�VXOILGHV���7KH�VL]H�RI�WKH
LQFOXVLRQV�LQFUHDVHV�ZLWK�WKH�2�DQG�RU�)H�FRQWHQW��$�OLPLWHG
DPRXQW �RI �SXUH �R[LGHV �RU �VXOILGHV �H[LVW� �EXW �WKH �DPRXQW �RI
SXUH�R[LGHV�LV�DW�OHDVW�D�PDJQLWXGH�KLJKHU�WKDQ�WKDW�RI�WKH�SXUH
VXOILGH�LQFOXVLRQV�
�
7DEOH���� �� �$YHUDJH�FKHPLFDO�FRPSRVLWLRQ�RI�SRWHQWLDO�SULPDU\
EULWWOH�IUDFWXUH�LQFOXVLRQV�ZLWK�ODUJH�VL]HV������±���P��LQ�ZHOG
PHWDOV ZW�

)H 0Q $O 6L 2 6
����� ����� ����� ���� ����� ����

��

�����)UDFWRJUDSK\

7KH�WUDQVLWLRQ�FXUYH�LQ�WKH�SURMHFW�LV�IRUPHG�E\����&91
VSHFLPHQV�IURP�D�RQH�TXDUWHU �GHSWK�RI �WKH�WUHSDQV� �$PRQJ
WKH�&91�VSHFLPHQV��QLQH�IURP�WKH�ORZHU�VKHOI�DUH�LQFOXGHG
LQ �WKH �IUDFWRJUDSKLF �LQYHVWLJDWLRQ� �7KH �IUDFWRJUDSK\ �UHVXOWV
LQGLFDWH�WKDW�WKH����-�UHIHUHQFH�SRLQW�VHHPV�WR�EH�WKH�ORFDWLRQ
ZKHUH�WKH �EULWWOH �IUDFWXUH �PHFKDQLVP�FKDQJHV �DV �WKH � VSHFL�
PHQV�WHVWHG �DERYH �WKDW �LPSDFW �HQHUJ\ �GR �QRW �SUHVHQW �D �GH�
WHUPLQDEOH �SULPDU\ �IUDFWXUH �VLWH� �ZKHUHDV �DOO �WKH �VSHFLPHQV
WHVWHG�DW�DQG�EHORZ����-�UHIOHFWHG�VXFK�VLWHV��)LJ����VKRZV�WKH
IXOO�WUDQVLWLRQ�FXUYH�REWDLQHG�LQ�WKH�WHVWLQJ��7KH�LQYHVWLJDWHG
EULWWOH �VSHFLPHQV �DUH �IURP �WKH �ORZHU �SDUW �RI �WKH �WUDQVLWLRQ
FXUYH�LQGLFDWHG�LQ�WKH�ILJXUH�

7KH�UHIHUHQFH�WUDQVLWLRQ�WHPSHUDWXUHV�REWDLQHG�LQ�WKH�&91
LPSDFW�WRXJKQHVV�WHVWLQJ�DUH�7��-� �í���&��7��-� �í���&��DQG
7��-�  �í���&� �ZLWK �WKH �XQFHUWDLQW\ �HVWLPDWHG �WR �EH ����&�
7KHVH�YDOXHV�DUH�VLPLODU�WR�WKRVH�RI�WKH�QRQ�DJHG�UHIHUHQFH
PDWHULDO��WKXV �LQGLFDWLQJ �WKH �QHJOLJLEOH �WKHUPDO � HPEULWWOH�
PHQW�HIIHFW��7KH�VSHFLPHQV�LQFOXGHG�LQ�WKH�IUDFWRJUDSKLF�LQ�
YHVWLJDWLRQV�DUH�WKRVH�WHVWHG�EHORZ�WKH�WUDQVLWLRQ�WHPSHUDWXUH
RI�7��-� �í���&�>��@�

,Q�WKH�IUDFWXUH�VXUIDFH�FKDUDFWHUL]DWLRQ��WKH�EULWWOH�IUDFWXUH

LQLWLDWHG�LQ�DOO�VSHFLPHQV�E\�WUDQVJUDQXODU�IUDFWXUH�DQG�DQ�LQ�
FOXVLRQ�LV�IRXQG�DW�WKH�LQLWLDWLRQ�VLWH�LQ�HDFK�VSHFLPHQ��$Q�H[�
DPSOH �RI �D �EULWWOH �IUDFWXUH �VXUIDFH �LV �VKRZQ�LQ�)LJ� ���D�� �LQ
ZKLFK �WKH �LQLWLDWLRQ �VLWH �LV �PDUNHG �ZLWK �D �UHG �VTXDUH� �7KH
FOHDYDJH�IUDFWXUH�FDQ�EH�GHWHUPLQHG�DFFRUGLQJ�WR�WKH�FKDUDF�
WHULVWLF�ULYHU�SDWWHUQV��,Q�WKH�IUDFWRJUDSKLF�H[DPLQDWLRQ��ERWK
PDWLQJ�IUDFWXUH�VXUIDFHV�DUH�LQYHVWLJDWHG�DV�WKH�LQFOXVLRQ�RU
SDUW�RI�LW�PD\�UHPDLQ�RQ�WKH�KDOYHV��)LJ����E��VKRZV�WKH�PDJ�
QLILHG�SULPDU\�LQLWLDWLRQ�VLWH�VKRZLQJ�DQ�LQFOXVLRQ��,Q�PRVW�RI
WKH�LQYHVWLJDWHG�IUDFWXUH�VXUIDFHV��UHODWLYHO\�ODUJH�XQFUDFNHG
LQFOXVLRQV�PHDVXULQJ����±�����P�H[LVW�DW�WKH�LQLWLDWLRQ�VLWH�

,QWHUGHQGULWLF ��,'��OLNH �DQG �,*�OLNH �IUDFWXUH �DUHDV �DV �WKH
VHFRQGDU\�IUDFWXUH�PRGH�LQ�DGGLWLRQ�WR�FOHDYDJH�IUDFWXUH�DUH
REVHUYHG�LQ�VRPH�RI�WKH�DV�ZHOGHG�DQG�UHKHDWHG�PLFURVWUXF�
WXUHV� �UHVSHFWLYHO\� �7KH �,'�OLNH �IUDFWXUH �VXUIDFH �VKRZQ �LQ
)LJ����KDV�SUHVXPDEO\�SURSDJDWHG�DORQJ�WKH�JUDLQ�ERXQGDU\
IHUULWH��7KLV�SKHQRPHQRQ�KDV�DOVR�EHHQ�REVHUYHG�LQ�WKH�UHIHU�
HQFH�VWDWH��L�H���LQ�WKH�QRQ�DJHG�VWDWH�RI�WKH�VDPH�PDWHULDO��7KH
IUDFWXUH�LV�QRW�FRQVLGHUHG�WR�EH�EULWWOH�DV�VPDOO�GLPSOHV�DQG
IODNHV�DUH�REVHUYHG�DW�WKH�,'�,*�OLNH�DUHDV��+RZHYHU��WKH�WR�
SRJUDSK\ �LPLWDWHV �WKH �XQGHUO\LQJ �PLFURVWUXFWXUH �LQ �WKHVH
DUHDV��$OO�LQLWLDWLRQ�VLWHV�DUH�ORFDWHG�LQ�WKH�DV�ZHOGHG�PLFUR�
VWUXFWXUH��WKH\�DUH�QRW�IRXQG�LQ�WKH�UHKHDWHG�PLFURVWUXFWXUH�
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)LJ��������7UDQVLWLRQ�FXUYH�RI�&KDUS\�9�QRWFK�LPSDFW�WRXJKQHVV
VSHFLPHQV�7KH�LQYHVWLJDWHG�VSHFLPHQV�ZLWK�EULWWOH�IUDFWXUH�DUH
LQVLGH�WKH�VTXDUH�
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500 nm
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)LJ��������%ULWWOH�FOHDYDJH�IUDFWXUH�VXUIDFH�DQG�DQ�LQFOXVLRQ�DW�WKH�SULPDU\�LQLWLDWLRQ�VLWH���D��EULWWOH�FOHDYDJH�IUDFWXUH�VXUIDFH���E��DQ
LQFOXVLRQ�DW�WKH�SULPDU\�LQLWLDWLRQ�VLWH�
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7KLV�UHVXOW�LV�HYLGHQWO\�GXH�WR�WKH�ORFDWLRQ�RI�WKH�QRWFK�LQ�WKH
ZHOG�EHDG��

���'LVFXVVLRQ

7KH �SUHVHQFH �RI �LQFOXVLRQV �H[HUWV �DQ �HIIHFW �RQ �EULWWOH
FOHDYDJH�FUDFN�LQLWLDWLRQ�>��@��:HOG�PHWDOV�DUH�FRPSRVHG�RI
QXPHURXV �DQG �UDWKHU �HYHQO\ �GLVWULEXWHG �JUDQXODU �LQFOXVLRQV
DQG�DUH�WKXV�GLIIHUHQW�IURP�WKH�EDVH�PDWHULDOV��LQ�ZKLFK�WKH
LQFOXVLRQV �DUH �W\SLFDOO\ �ODUJH �DQG �VSDUVHO\ �GLVWULEXWHG� �7KH
SUREDELOLW\�RI�DQ�LQFOXVLRQ�ZLWK�VXLWDEOH�VL]H�IRU�EULWWOH�IUDF�
WXUH�LQLWLDWLRQ�LV�WKXV�PXFK�KLJKHU�LQ�ZHOG�PHWDOV�WKDQ�LQ�EDVH
PDWHULDOV� �LQ �ZKLFK �FDUELGHV �EHFRPH�WKH �ZHDNHVW �OLQN �>��@�
7KH�ZHOG�EHDG�PLFURVWUXFWXUH �PDLQO\�FRQWDLQV �DFLFXODU � IHU�
ULWH �DQG �SRO\JRQDO �IHUULWH� �ZLWK �WKH �IRUPHU �KDYLQJ �JUHDWHU
WRXJKQHVV�SURSHUWLHV��'XULQJ�VROLGLILFDWLRQ��WKH�JUDLQ�ERXQG�
DU\ �IHUULWH �QXFOHDWHV �ILUVW �DW �WKH �DXVWHQLWH �JUDLQ �ERXQGDULHV
ZKLOH�WKH�DFLFXODU�IHUULWH�QXFOHDWHV�DW�WKH�VXUIDFH�RI�WKH�QRQ�
PHWDOOLF�LQFOXVLRQV�>��@��:LGPDQVWlWWHQ�IHUULWH�PD\�IRUP�DW
WKH �SDUHQW �DXVWHQLWH �JUDLQ �ERXQGDULHV �LQ �FRPSHWLWLRQ �ZLWK
DFLFXODU�IHUULWH��$OOR\LQJ�HOHPHQWV��VXFK�DV�0Q��SURPRWH�WKH

JURZWK �RI �DFLFXODU �IHUULWH �RYHU �WKH �JUDLQ �ERXQGDU\ �SKDVHV
>��@� �1R �VLJQLILFDQW �DPRXQW �RI �:LGPDQVWlWWHQ �IHUULWH �ZLWK
ODWK�VWUXFWXUH�ZDV�REVHUYHG�EHFDXVH�RI�VXIILFLHQW�DOOR\LQJ�DQG
ZHOGLQJ �SDUDPHWHUV� �$OO �LQLWLDWLRQ �VLWHV �LQ �WKH �LQYHVWLJDWHG
VSHFLPHQV�ZLWK�EULWWOH�IUDFWXUHV�DUH�ORFDWHG�LQ�WKH�DV�ZHOGHG
PLFURVWUXFWXUH� �7KH �ODUJH �QXPEHU �RI �LQFOXVLRQV �ZLWK �ODUJH
VL]HV�����±�����P��LQ�WKH�UHKHDWHG�UHJLRQ�DUH�VKRZQ�LQ�)LJ�
��E���DQG�WKH�ODUJH�SDUWLFOHV�DUH�QRUPDOO\�SUHGLFWHG�WR�EH�WKH
EULWWOH�IUDFWXUH�LQLWLDWRUV��+RZHYHU��WKH�DV�ZHOGHG�UHJLRQ�ZLWK
D �GHQGULWLF �PLFURVWUXFWXUH �FDQ �LQFUHDVH �WKH �SUREDELOLW\ �RI
EULWWOH�IUDFWXUH�LQLWLDWLRQ�UHODWLYH�WR�WKH�UHKHDWHG�UHJLRQ�ZLWK�D
JUDQXODU�PLFURVWUXFWXUH�DQG�VKRUW�FUDFN�SDWKV��)XUWKHU�LQYHVW�
LJDWLRQV�DUH�UHTXLUHG�WR�YHULI\�WKH�VXSHULRULW\�RI�WKH�LQIOXHQFH
RI�WKH �GHQGULWLF �DV�ZHOGHG �PLFURVWUXFWXUH �DQG �ODUJH � PXO�
WLSKDVH�LQFOXVLRQV�RQ�EULWWOH�IUDFWXUH�LQLWLDWLRQ�

7KH �FRUUHODWLRQ �EHWZHHQ �WKH �SULPDU\ �LQLWLDWLRQ �SDUWLFOH
SDUDPHWHUV��QDPHO\��VL]H�DQG�ORFDWLRQ��DQG�WKH�&91�LPSDFW
HQHUJ\�RI�OHVV�WKDQ����-�LV�JURXSHG�E\�WHVWLQJ�WHPSHUDWXUH�DQG
SORWWHG�LQ�)LJ�����7KH�VSHFLPHQV�ZLWK�ODUJH�LQLWLDWRU�SDUWLFOHV
UHVXOW �LQ �UHODWLYHO\ �ORZ�YDOXH �LPSDFW �WRXJKQHVV �HQHUJLHV
ZKHQ �WHVWHG �DW �WKH �VDPH �WHPSHUDWXUH ��)LJ� ���D��� �7KH �ODUJH
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)LJ��������5HODWLRQ�EHWZHHQ�SULPDU\�LQLWLDWLRQ�SDUWLFOH�VL]H���P���D��DQG�GLVWDQFH�RI�WKH�LQLWLDWRU�IURP�WKH�9�QRWFK��PP���E��ZLWK�LP�
SDFW�HQHUJ\��7KH�VSHFLPHQV�WHVWHG�LQ�WKH�ORZHU�SDUW�RI�WKH�WUDQVLWLRQ�FXUYH�VKRZ�D�WUHQG�DV�WKH�ZHDNHVW�ORFDWLRQ�LQ�WKH�SURFHVV�]RQH�RI
WKH�WHVWLQJ�WHPSHUDWXUH�EUHDNV�ILUVW�

1��+\W|QHQ�HW�DO���(IIHFW�RI�ZHOG�PLFURVWUXFWXUH�RQ�EULWWOH�IUDFWXUH�LQLWLDWLRQ�LQ�WKH�WKHUPDOO\�DJHG�ERLOLQJ�ZDWHU���� ���



SDUWLFOH �VL]H �����±���� �P� �LV �FRUUHODWHG �ZLWK �WKH �LPSDFW
WRXJKQHVV�HQHUJ\ �EHORZ ��� �-� �)RU �ODUJH �SDUWLFOHV� �WKH � UH�
TXLUHG �DSSOLHG �VWUHVV �WR �VHSDUDWH �WKH �LQWHUIDFHV �LV �UHODWLYHO\
ORZ�EHFDXVH�WKH�HQHUJ\�UHOHDVH�UDWH�LQFUHDVHV�ZLWK�WKH�SDUWLFOH
VL]H �IRU �WKH �VDPH�DSSOLHG �VWUHVV �>��@� �7KH�SUHFHGLQJ�SODVWLF
GHIRUPDWLRQ�DQG�GXFWLOH�UHJLRQ�EHIRUH�WKH�EULWWOH�IUDFWXUH�UH�
JLRQ�LQ�WKH�&91�VSHFLPHQV�DUH�VPDOO�DW�ORZ�YDOXHV�RI�LPSDFW
HQHUJLHV��7KHUHIRUH��WKH�SULPDU\�LQLWLDWLRQ�VLWH�LV�DOVR�FORVHU
WR�WKH�9�QRWFK�DW�D�ORZ�LPSDFW�WRXJKQHVV�HQHUJ\��)LJ����E���
7KH�LQFOXVLRQ�GHQVLW\�DQG�VL]H�GLVWULEXWLRQ�LQ�WKH�VWXGLHG�PD�
WHULDO�VKRZ�WKDW�WKH�EULWWOH�IUDFWXUH�WHQGV�WR�LQLWLDWH�IURP�WKH
ODUJHVW �SDUWLFOH �LQ �WKH �HIIHFWLYH �SURFHVV �]RQH �DFWLQJ �DV �WKH
ZHDNHVW �ORFDWLRQ �DQG �WKXV �IXOILOOV �WKH �ZHDNHVW �OLQN �WKHRU\�
1HYHUWKHOHVV��D�&91�VSHFLPHQ�WHVWHG�DW�í�����&�ZLWK�DQ�LP�
SDFW�WRXJKQHVV�HQHUJ\�RI������-�IURP�WKH�WUDQVLWLRQ�UHJLRQ�RI
WKH�'%77�FXUYH�KDV�PXOWLSOH�LQLWLDWLRQ�VLWHV��ZLWK�WKH�SULPDU\
LQLWLDWLRQ�VLWH�EHLQJ�XQGHWHFWDEOH��LQ�WKH�UHODWLYH�DGMDFHQF\�RI
WKH �9�QRWFK� �$GGLWLRQDOO\� �WKH �LQLWLDWLRQ �SDUWLFOH �SDUDPHWHUV
ZLWK �LPSDFW �HQHUJ\ �GR �QRW �ILW �WKH �FXUUHQW �WUHQG� �WKHUHE\
GHPRQVWUDWLQJ �WKDW �WKH �FRUUHODWLRQ �LV �RQO\ �IXOILOOHG �ZLWK �WKH
VSHFLPHQV�WHVWHG�EHORZ����- �LQ �WKH�ORZHU�SDUW �RI �WKH� WUDQV�
LWLRQ�FXUYH�

3DUWLFOH�LQWHUIDFH�GHERQGLQJ�LV�REVHUYHG�LQ�WKH�VSHFLPHQV
LQ �WKH �ORZHU �SDUW �RI �WKH �WUDQVLWLRQ �FXUYH� �ZKHUH �WKH �SODVWLF
IORZ�LV�OLPLWHG��,Q�)LJ����E���D�GHERQGHG�LQFOXVLRQ�LV�VKRZQ�DW
D�FOHDYDJH�IUDFWXUH�LQLWLDWLRQ�VLWH��'HERQGLQJ�LV�QRUPDOO\�DV�
VRFLDWHG �ZLWK �YRLG �QXFOHDWLRQ �GXULQJ �SODVWLF �GHIRUPDWLRQ
ZKHQ �D �VHFRQG�SKDVH �SDUWLFOH �UHPDLQV �PRUH �RU �OHVV �LQWDFW�
7KH�SODVWLF�VWUDLQ�EUHDNV�WKH�LQWHUDWRPLF�ERQGLQJ�EHWZHHQ�WKH
PDWUL[�DQG�WKH�SDUWLFOH�LQVWHDG�RI�EUHDNLQJ�WKH�LQFOXVLRQ��7KH
ODUJH�LQFOXVLRQV�LQFUHDVH�WKH�ORFDO�LQKRPRJHQHLW\��ZKLFK�WKHQ
SURPRWHV�GHERQGLQJ��7KH�LQWHUIDFH�GHERQGLQJ�PD\�LQLWLDWH�D
PLFURFUDFN�LQ�WKH�VXUURXQGLQJ�EULWWOH�PDWHULDO�DQG�SURSDJDWH
DV�D �PDFURVFDOH �FOHDYDJH �IUDFWXUH �DW �ORZ�WHPSHUDWXUHV� �'H�
SHQGLQJ�RQ�WKH�SDUWLFOH�VL]H��WHPSHUDWXUH��DQG�FKHPLFDO�FRP�
SRVLWLRQ�RI�WKH�LQFOXVLRQ�DQG�WKH�VWUHVV�VWDWH��WKH�PLFURFUDFN
LQLWLDWHV �LQVLGH�WKH�LQFOXVLRQ�RU �DW �WKH�LQWHUIDFH�EHWZHHQ�WKH
LQFOXVLRQ �DQG �WKH �ZHOG �PHWDO �PDWUL[ �>���±����������±��@�
+HQFH��PXOWLSOH�DFWLYH�PHFKDQLVPV�DUH�QHHGHG�WR�H[SODLQ�WKH
EHKDYLRU�IRU�DJHG�PDWHULDOV�EHFDXVH�WKH�WUDGLWLRQDO�PHWKRGR�
ORJ\��L�H���*ULIILWK¶V�WKHRU\�ZLWK�IDLOXUH�RI�DQ�LQFOXVLRQ��LV�QRW
HQRXJK�ZLWKRXW�SDUDOOHO�PHFKDQLVPV��VXFK�DV�WKH�GHERQGLQJ
RI �SDUWLFOHV �DQG�RU �JUDLQ �ERXQGDU\� �,Q �WKH �PRGHO �GHYHORSHG
E\�%RnVHQ �>��@� �GHERQGLQJ �UHVXOWLQJ �IURP�WKHUPDO �DJLQJ �LV
REVHUYHG�XQGHU�KLJK�WHPSHUDWXUHV��7KH�GHERQGLQJ�PD\�DOVR
EH�GXH �WR �WKH �VHJUHJDWLRQ �RI �LPSXULWLHV �RQ �WKH �SDUWLFOH � VXU�
IDFHV�DQG�UHGXFWLRQ�RI�WKH�LQWHUIDFH�DGKHVLRQ��EHFDXVH�WKH�HI�
IHFW�RI�WKHUPDO�HPEULWWOHPHQW�ZDV�QRW�REVHUYHG�LQ�WKH�LPSDFW
WRXJKQHVV �RI �WKH �LQYHVWLJDWHG �ZHOG �PDWHULDO� �7KH �FKHPLFDO
FRPSRVLWLRQ�LQKRPRJHQHLW\ �DQG�ZHDN�ERQGLQJ�DW �WKH � LQWHU�
IDFHV�DUH�WKH�SUREDEOH�FDXVHV�RI�GHERQGLQJ�RQ�ZKLFK�WKHUPDO
DJLQJ�PD\�KDYH�DQ�HIIHFW��,Q�DGGLWLRQ�WR�SDUWLFOH�GHERQGLQJ�
,'��DQG�,*�OLNH�IDLOXUHV�DUH�REVHUYHG��7KHVH�SKHQRPHQD�DUH

UHODWHG�DV�WKH\�UHVXOW�IURP�WKH�EUHDNLQJ�RI�LQWHUIDFHV��$V�WKH
ORZ�WHPSHUDWXUH�WRXJKQHVV�SURSHUWLHV�LQFUHDVH��WKH�UHODWLYHO\
KLJK�1L�FRQWHQW�����ZW�±���ZW�� �LQ �WKH �ZHOG �PHWDO � LQ�
FUHDVHV�WKH�DPRXQW�RI�JUDLQ�ERXQGDU\�LPSXULW\�VHJUHJDWLRQ�
ZKLFK �WKHQ �VHHPV�WR �SURPRWH �WKH �,'�,*�OLNH �IUDFWXUH �PRGH
>����@��0RUHRYHU��VLPLODU�EXW�EULWWOH�IUDFWXUH�DUHDV�DUH�GHWHF�
WHG�LQ �WKH �VSHFLPHQV �ZLWK �WKHUPDO �DJLQJ�LQGXFHG �HPEULWWOH�
PHQW��DQG�WKH�DPRXQW�RI�,'�,*�IUDFWXUH�LV�DVVRFLDWHG�ZLWK�WKH
H[WHQW�RI�'%77�VKLIW�>�@��7KH�,'�,*�IUDFWXUH�DUHDV�RI�EULWWOH
539�ZHOGV�DUH�UHODWHG�WR�VROXWH�VHJUHJDWLRQ��PRVW�FRPPRQO\
SKRVSKRUXV�>��������@�

$FFRUGLQJ �WR �WKH �VHPLTXDQWLWDWLYH �('6 �DQDO\VLV �RI �WKH
SULPDU\ �LQLWLDWLRQ �VLWHV� �WKH �SDUWLFOHV �DW �WKH �FUDFN �LQLWLDWLRQ
VLWHV�DUH �PRVWO\ �PXOWLSKDVH �R[LGHV� �7KH �PDLQ �GHWHFWHG � HOH�
PHQWV�DUH�0Q��6L��DQG�$O��DOO�RI�ZKLFK�DUH�DOOR\LQJ�HOHPHQWV
LQ�WKH�IHUULWLF �ZHOG�PHWDO �>��@��7KH�PXOWLSKDVH�R[LGH� LQFOX�
VLRQV�IXOILOO�WKH�*ULIILWK�FULWHULRQ�RI�EULWWOH�IUDFWXUH�LQLWLDWLRQ�
7KH �SDUWLFOH �PD\ �EH �EULWWOH �EHFDXVH �RI �WKH �LQWULQVLF �FU\VWDO
VWUXFWXUH�RU�WKH�SUHFHGLQJ�VPDOO�GHIHFWV�ZLWKLQ�WKH�LQFOXVLRQ�
7KHUHIRUH��WKH�LQFOXVLRQ�LV�OLNHO\�WR�FUDFN�LQ�WKH�SUHVHQFH�RI
SODVWLF �VWUDLQ �DQG �IXUWKHU �LQLWLDWH �D �FOHDYDJH �IUDFWXUH� �,Q �WKH
FDVH�RI �RWKHU �GXFWLOH �R[\�VXOILGHV� �GHERQGLQJ �DW �WKH � LQWHU�
IDFHV�EHWZHHQ�XQFUDFNHG�LQFOXVLRQV�DQG�ZHOG�PHWDO�PDWUL[HV
FDQ�LQGXFH �IXUWKHU �EULWWOH �IUDFWXUH� �'HERQGLQJ �FDQ �EH � UH�
JDUGHG�DV�D�UHVXOW�RI�PLOG�WKHUPDO�DJLQJ��ZKLFK�LV�WRR�PLQLP�
DO �WR �DIIHFW �PHFKDQLFDO �SURSHUWLHV �EXW �LV �VWURQJ �HQRXJK �WR
FDXVH �GHERQGLQJ �UDWKHU �WKDQ �SDUWLFOH �FUDFNLQJ �DW �WKH �EULWWOH
IUDFWXUH �LQLWLDWLRQ �VLWH� �7KH �HIIHFW �RI �WKHUPDO �DJLQJ �EHORZ
����&�RQ�GHERQGLQJ�WKDW�FDXVHV�PLFURFUDFNLQJ�VWLOO�UHTXLUHV
IXUWKHU�VWXGLHV��

���&RQFOXVLRQV

$�WKHUPDOO\�DJHG�KLJK�1L�ORZ�DOOR\HG�ZHOG�PHWDO�IURP�D
GHFRPPLVVLRQHG�ERLOLQJ�ZDWHU�UHDFWRU�539�KHDG�ZDV�LQYHVW�
LJDWHG��7KHUPDO�DJLQJ�GLG�QRW�FKDQJH�WKH�LPSDFW�WRXJKQHVV�RI
WKH�ZHOG �PHWDO� �7KH �PLFURVWUXFWXUH �FKDUDFWHUL]DWLRQ� � LQFOX�
VLRQ�DQDO\VLV��DQG�IUDFWRJUDSKLF�H[DPLQDWLRQ�UHYHDOHG�WKH�HI�
IHFWV �RI �WKH �PLFURVWUXFWXUH �DQG �VHFRQGDU\ �SDUWLFOHV �RQ �WKH
EULWWOH�IUDFWXUH�LQLWLDWLRQ��7KH�PDLQ�ILQGLQJV�DUH�DV�IROORZV�

��� �7KH �DV�ZHOGHG �PLFURVWUXFWXUH �FRQVLVWHG �PDLQO\ �RI
DFLFXODU�IHUULWH��7KH�UHKHDWHG�PLFURVWUXFWXUH�FRQVLVWHG�PDLQO\
RI�SRO\JRQDO�IHUULWH��6PDOO�IUDFWLRQV�RI�JUDLQ�ERXQGDU\�IHUULWH
ZHUH�REVHUYHG��7KH�DPRXQW�RI�JUDLQ�ERXQGDU\�IHUULWH�ZDV�DV�
VRFLDWHG�ZLWK�WKH�REVHUYHG�,*��DQG�,'�OLNH�IUDFWXUH�VXUIDFHV�

����7KH�LQFOXVLRQ�GHQVLW\�LQ�WKH�DV�ZHOGHG�UHJLRQ�ZDV�DS�
SUR[LPDWHO\�����WLPHV�KLJKHU�WKDQ�WKDW�LQ�WKH�UHKHDWHG�UHJLRQ�
7KH �LQFOXVLRQV �ZHUH �PDLQO\ �)H±0Q±$O�FRQWDLQLQJ ��6�2
FRPSOH[ �FRPSRXQGV� �$OO �LQLWLDWLRQ �VLWHV �LQ �WKH �LQYHVWLJDWHG
VSHFLPHQV�ZLWK�EULWWOH�IUDFWXUH�ZHUH�ORFDWHG�LQ�WKH�DV�ZHOGHG
PLFURVWUXFWXUH�

����%ULWWOH�IUDFWXUH�SULPDULO\�LQLWLDWHG�IURP�LQFOXVLRQV�ZLWK
ODUJH�VL]HV�����±�����P��LQ�DOO�WKH�&91�VSHFLPHQV�WHVWHG�DW

��� ,QW��-��0LQHU��0HWDOO��0DWHU����9RO�������1R������0D\�����



WKH�ORZHU�SDUW�RI�WKH�WUDQVLWLRQ�FXUYH��7KH�FOHDYDJH�IUDFWXUH
ZDV�LQLWLDWHG�HLWKHU�ZLWKLQ�WKH�EULWWOH�PXOWLSKDVH�R[LGH�LQFOX�
VLRQV�RU�IURP�WKH�GHERQGHG�LQWHUIDFHV�EHWZHHQ�WKH�XQFUDFNHG
LQFOXVLRQ�DQG�WKH�ZHOG�PHWDO�PDWUL[�

����7KH�WUHQG�EHWZHHQ�SDUWLFOH�VL]H�DQG�ORFDWLRQ�ZLWK�LP�
SDFW�HQHUJ\�ZDV�REWDLQHG��$�ORZ�LPSDFW�HQHUJ\�ZDV�DVVRFL�
DWHG �ZLWK �WKH �SULPDU\ �LQLWLDWLRQ �VLWH �EHLQJ �FORVHU �WR �WKH �9�
QRWFK�DQG�D�ODUJH�LQLWLDWRU�SDUWLFOH�VL]H�

����7KH�SULPDU\�IUDFWXUH�VLWHV�FDQ�EH�GHWHUPLQHG�LQ�DOO�WKH
VSHFLPHQV�WHVWHG�LQ�WKH�ORZHU�SDUW�RI�WKH�WUDQVLWLRQ�FXUYH�DW
DQG �EHORZ �WKH ����- �UHIHUHQFH �LPSDFW �WRXJKQHVV �HQHUJ\ �EXW
QRW �DERYH �WKLV �SRLQW �EHFDXVH �RI �WKH �FKDQJHV �LQ �WKH �IUDFWXUH
PHFKDQLVP�DQG�WKH�UHVXOWLQJ�FKDQJHV�LQ�IUDFWXUH�DSSHDUDQFH��

$FNQRZOHGJPHQWV

7KH�DXWKRUV�JUDWHIXOO\�DFNQRZOHGJH�WKH�%5('$�SURJUDP
�%DUVHElFN�5HVHDUFK�DQG�'HYHORSPHQW�$UHQD��IRU�SURYLGLQJ
WKH �UHVHDUFK �PDWHULDO �DQG �WKH �6$),5���� �%587( �SURMHFW
�%DUVHElFN�539�PDWHULDO�XVHG�IRU�WUXH�HYDOXDWLRQ�RI�HPEULW�
WOHPHQW��IRU�IXQGLQJ�WKH�VWXG\��7KH�FRQWULEXWLRQV�DQG�GLVFXV�
VLRQV �ZLWK �0� �%RnVHQ �IURP�.7+� �6� �/LQGTYLVW �IURP�977�
DQG�,��9LUNNXQHQ�IURP�$DOWR�8QLYHUVLW\�DUH�DFNQRZOHGJHG�DV
ZHOO�

2SHQ�$FFHVV�IXQGLQJ�SURYLGHG�E\�977�7HFKQLFDO�5HVHDUFK�&HQWUH
RI�)LQODQG

2SHQ�$FFHVV�7KLV�DUWLFOH�LV�OLFHQVHG�XQGHU�D�&UHDWLYH�&RPPRQV�$W�
WULEXWLRQ�����,QWHUQDWLRQDO�/LFHQVH��ZKLFK�SHUPLWV�XVH��VKDULQJ��DG�
DSWDWLRQ��GLVWULEXWLRQ�DQG�UHSURGXFWLRQ�LQ�DQ\�PHGLXP�RU�IRUPDW��DV
ORQJ�DV�\RX�JLYH�DSSURSULDWH�FUHGLW�WR�WKH�RULJLQDO�DXWKRU�V��DQG�WKH
VRXUFH��SURYLGH�D�OLQN�WR�WKH�&UHDWLYH�&RPPRQV�OLFHQFH��DQG�LQGLF�
DWH�LI�FKDQJHV�ZHUH�PDGH��7KH�LPDJHV�RU�RWKHU�WKLUG�SDUW\�PDWHULDO�LQ
WKLV�DUWLFOH�DUH�LQFOXGHG�LQ�WKH�DUWLFOH¶V�&UHDWLYH�&RPPRQV�OLFHQFH�
XQOHVV�LQGLFDWHG�RWKHUZLVH�LQ�D�FUHGLW�OLQH�WR�WKH�PDWHULDO��,I�PDWHULDO
LV�QRW�LQFOXGHG�LQ�WKH�DUWLFOH¶V�&UHDWLYH�&RPPRQV�OLFHQFH�DQG�\RXU
LQWHQGHG�XVH�LV�QRW�SHUPLWWHG�E\�VWDWXWRU\�UHJXODWLRQ�RU�H[FHHGV�WKH
SHUPLWWHG�XVH��\RX�ZLOO�QHHG�WR�REWDLQ�SHUPLVVLRQ�GLUHFWO\�IURP�WKH
FRS\ULJKW�KROGHU��7R�YLHZ�D�FRS\�RI�WKLV�OLFHQFH��YLVLW�KWWS���FUHDWLYH�
FRPPRQV�RUJ�OLFHQVHV�E\������
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WHPSHUDWXUH �UDQJH��0DWHU� �6FL� �(QJ� �$� ����������� �1R� ����� �S�
����

>�@

�$�+� �&RWWUHOO� �7KHRU\ �RI �EULWWOH �IDFWXUH �LQ �VWHHO �DQG �VLPLODU
PHWDOV��7UDQV��0HWDOO��6RF��$,0(�������������S������

>�@

�3��-RO\��/��6XQ��3��(IVLQJ��-�3��0DVVRXG��)��6RPYLOOH��5��*HUDUG�
<�+� �$Q� �DQG �-� �%DLOH\� �&KDUDFWHUL]DWLRQ �RI �LQ�VHUYLFH �WKHUPDO
DJHLQJ�HIIHFWV�LQ�EDVH�PDWHULDOV�DQG�ZHOGV�RI�WKH�SUHVVXUH�YHV�
VHO�RI�D�GHFRPPLVVLRQHG�3:5�SUHVVXUL]HU��DIWHU����\HDUV�RI�RS�
HUDWLRQ� �>LQ@� ��WK �,QWHUQDWLRQDO �&RQIHUHQFH �RQ �(QYLURQPHQWDO

>�@

'HJUDGDWLRQ�RI�0DWHULDOV�LQ�1XFOHDU�3RZHU�6\VWHPV�:DWHU�5H�
DFWRUV�������%RVWRQ��������S������
�.� �/LQGJUHQ� �0� �%RnVHQ� �.� �6WLOOHU� �3� �(IVLQJ� �DQG �0�
7KXYDQGHU��(YROXWLRQ�RI�SUHFLSLWDWLRQ�LQ�UHDFWRU�SUHVVXUH�YHVVHO
VWHHO �ZHOGV �XQGHU �QHXWURQ �LUUDGLDWLRQ�� -� �1XFO� �0DWHU��
�����������S������

>�@

�<�$��1LNRODHY��$�9��1LNRODHYD��$�0��.U\XNRY��9�,��/HYLW��DQG
<�1��.RURO\RY��5DGLDWLRQ�HPEULWWOHPHQW�DQG�WKHUPDO�DQQHDOLQJ
EHKDYLRU �RI �&U±1L±0R �UHDFWRU �SUHVVXUH �YHVVHO �PDWHULDOV�� -�
1XFO��0DWHU��������������1R�������S������

>�@

�*�5��2GHWWH�DQG�5�.��1DQVWDG��3UHGLFWLYH�UHDFWRU�SUHVVXUH�YHV�
VHO�VWHHO�LUUDGLDWLRQ�HPEULWWOHPHQW�PRGHOV��,VVXHV�DQG�RSSRUWXQ�
LWLHV��-20������������1R�����S�����

>�@

�5�6� �;LQJ� �'�-� �<X� �*�)� �;LH� �=�+� �<DQJ� �;�;� �:DQJ� �DQG �;�
&KHQ� �(IIHFW �RI �WKHUPDO �DJHLQJ �RQ �PHFKDQLFDO �SURSHUWLHV �RI �D
EDLQLWLF �IRUJLQJ �VWHHOV �IRU �UHDFWRU �SUHVVXUH �YHVVHO��0DWHU� �6FL�
(QJ��$�������������S������

>�@

�.��:DOOLQ� �0� �<DPDPRWR� �DQG �8� �(KUQVWpQ� �/RFDWLRQ �RI � LQLWL�
DWLRQ�VLWHV�LQ�IUDFWXUH�WRXJKQHVV�WHVWLQJ�VSHFLPHQV��7KH�HIIHFW�RI
VL]H�DQG�VLGH�JURRYHV��>LQ@�3URFHHGLQJV�RI�WKH�$60(������3UHV�
VXUH �9HVVHOV �DQG �3LSLQJ �&RQIHUHQFH�� 9ROXPH ��%� �&RGHV �DQG
6WDQGDUGV��9DQFRXYHU��������DUW��1R��9��%7��$����

>�@

�$�$� �*ULIILWK� �7KH �SKHQRPHQD �RI �UXSWXUH �DQG �IORZ �LQ �VROLGV�
3KLORV��7UDQV��5��6RF��/RQGRQ�������������S������

>�@

�$��3LQHDX��$�$��%HQ]HUJD��DQG�7��3DUGRHQ��)DLOXUH�RI�PHWDOV�,�
%ULWWOH�DQG�GXFWLOH�IUDFWXUH��$FWD�0DWHU��������������S������

>��@

�:��:HLEXOO��$�VWDWLVWLFDO�WKHRU\�RI�WKH�VWUHQJWK�RI�PDWHULDOV��>LQ@
*HQHUDOVWDEHQV�/LWRJUDILVND�$QVWDOWV�)|UODJ��6WRFNKROP�������

>��@

�:��:HLEXOO��$�VWDWLVWLFDO�GLVWULEXWLRQ�IXQFWLRQ�RI�ZLGH�DSSOLFDE�
LOLW\��-��$SSO��0HFK�������������S������

>��@

�)�0� �%HUHPLQ� �$� �3LQHDX� �)� �0XGU\� �-�&� �'HYDX[� �<� �'¶(V�
FDWKD��DQG�3��/HGHUPDQQ��$�ORFDO�FULWHULRQ�IRU�FOHDYDJH�IUDFWXUH
RI�D�QXFOHDU�SUHVVXUH�YHVVHO�VWHHO��0HWDOO��7UDQV��$������������S�
�����

>��@

�&�/��%ULDQW�DQG�6�.��%DQHUML��,QWHUJUDQXODU�IDLOXUH�LQ�VWHHO��7KH
UROH �RI �JUDLQ�ERXQGDU\ �FRPSRVLWLRQ�� ,QW� �0HW� �5HY�� ����������
1R�����S������

>��@

�5�:� �+HUW]EHUJ� �5�3� �9LQFL� �DQG �-�/� �+HUW]EHUJ��'HIRUPDWLRQ
DQG �)UDFWXUH �0HFKDQLFV �RI �(QJLQHHULQJ �0DWHULDOV� ��WK �HG��
-RKQ�:LOH\�	�6RQV��&KLFKHVWHU��������S������

>��@

�-�'� �/DQGHV �DQG �'�+� �6KDIIHU� �6WDWLVWLFDO �FKDUDFWHUL]DWLRQ �RI
IUDFWXUH �LQ �WKH �WUDQVLWLRQ �UHJLRQ� �>LQ@ �3� �3DULV �HG��� )UDFWXUH
0HFKDQLFV��$670�,QWHUQDWLRQDO��:HVW�&RQVKRKRFNHQ��������S�
����

>��@

�.� �:DOOLQ��)UDFWXUH�7RXJKQHVV �RI �(QJLQHHULQJ �0DWHULDOV� � (V�
WLPDWLRQ�DQG�$SSOLFDWLRQ��)(6,�3XEOLVKLQJ�������

>��@

�3��%RZHQ��6�*��'UXFH��DQG�-�)��.QRWW��(IIHFWV�RI�PLFURVWUXFWXUH
RQ �FOHDYDJH �IUDFWXUH �LQ �SUHVVXUH �YHVVHO �VWHHO�� $FWD �0HWDOO��
����������1R�����S�������

>��@

�+��+HLQ��-��.RELHOD��0��%UXPRYVN\��&��+XRWLODLQHQ��-��/\GPDQ�
%� �0DULQL� �%� �5DGLJXHW� �2� �6WDUWVHY� �0� �6HUUDQR �*DUFLD� �5�
+HUQDQGH] �3DVFXDO� �)� �5RHGHU� �DQG �+�:� �9LHKULJ� �$GGUHVVLQJ
RI �VSHFLILF �XQFHUWDLQWLHV �LQ �GHWHUPLQDWLRQ �RI �539 �IUDFWXUH
WRXJKQHVV �LQ �WKH �627(5,$�SURMHFW� �>LQ@�)RQWHYUDXG ���&RQWUL�
EXWLRQ�RI�0DWHULDOV�,QYHVWLJDWLRQV�DQG�2SHUDWLQJ�([SHULHQFH�WR
/LJKW�:DWHU�133V¶�6DIHW\��3HUIRUPDQFH�DQG�5HOLDELOLW\��$YLJQ�
RQ�������

>��@

�0��%RnVHQ��0RGHOLQJ�RI�6WUXFWXUDO�,QWHJULW\�RI�$JHG�/RZ�$OOR\
6WHHOV�8VLQJ�1RQ�/RFDO�0HFKDQLFV� �>'LVVHUWDWLRQ@��.7+�5R\DO
,QVWLWXWH�RI�7HFKQRORJ\��6WRFNKROP��6ZHGHQ�������

>��@

�&�$��+LSSVOH\�DQG�6�*��'UXFH��7KH�LQIOXHQFH�RI�SKRVSKRUXV�VH�
JUHJDWLRQ �WR �SDUWLFOH�PDWUL[ �LQWHUIDFHV �RQ �GXFWLOH �IUDFWXUH �LQ �D
KLJK�VWUHQJWK�VWHHO��$FWD�0HWDOO�������������1R������S�������

>��@

1��+\W|QHQ�HW�DO���(IIHFW�RI�ZHOG�PLFURVWUXFWXUH�RQ�EULWWOH�IUDFWXUH�LQLWLDWLRQ�LQ�WKH�WKHUPDOO\�DJHG�ERLOLQJ�ZDWHU���� ���

https://www.osti.gov/biblio/4347093
https&lt;/italic&gt;:&lt;italic&gt;//www.osti.gov&lt;/italic&gt;/&lt;italic&gt;biblio/&lt;/italic&gt;4347093&lt;italic&gt;
https://doi.org/10.1016/j.jnucmat.2017.03.019
https://doi.org/10.1016/0022-3115(95)00097-6
https://doi.org/10.1016/0022-3115(95)00097-6
https://doi.org/10.1007/s11837-009-0097-4
https://doi.org/10.1016/j.msea.2018.02.036
https://doi.org/10.1016/j.msea.2018.02.036
https://doi.org/10.1115/PVP2016-63078
https://doi.org/10.1115/PVP2016-63078
https://doi.org/10.1115/PVP2016-63078
https://doi.org/10.1115/PVP2016-63078
https://doi.org/10.1115/PVP2016-63078
https://www.jstor.org/stable/91192
https://doi.org/10.1016/j.actamat.2015.12.034
https://doi.org/10.1115/1.4010337
https://doi.org/10.1007/BF02663302
https://doi.org/10.1179/imr.1978.23.1.164
https://doi.org/10.1520/STP36981S
https://doi.org/10.1520/STP36981S
https://doi.org/10.1016/0001-6160(86)90222-1
https://doi.org/10.1016/0001-6160(83)90132-3
https://www.osti.gov/biblio/4347093
https&lt;/italic&gt;:&lt;italic&gt;//www.osti.gov&lt;/italic&gt;/&lt;italic&gt;biblio/&lt;/italic&gt;4347093&lt;italic&gt;
https://doi.org/10.1016/j.jnucmat.2017.03.019
https://doi.org/10.1016/0022-3115(95)00097-6
https://doi.org/10.1016/0022-3115(95)00097-6
https://doi.org/10.1007/s11837-009-0097-4
https://doi.org/10.1016/j.msea.2018.02.036
https://doi.org/10.1016/j.msea.2018.02.036
https://doi.org/10.1115/PVP2016-63078
https://doi.org/10.1115/PVP2016-63078
https://doi.org/10.1115/PVP2016-63078
https://doi.org/10.1115/PVP2016-63078
https://doi.org/10.1115/PVP2016-63078
https://www.jstor.org/stable/91192
https://doi.org/10.1016/j.actamat.2015.12.034
https://doi.org/10.1115/1.4010337
https://doi.org/10.1007/BF02663302
https://doi.org/10.1179/imr.1978.23.1.164
https://doi.org/10.1520/STP36981S
https://doi.org/10.1520/STP36981S
https://doi.org/10.1016/0001-6160(86)90222-1
https://doi.org/10.1016/0001-6160(83)90132-3


�+� �%KDGHVKLD �DQG�5� �+RQH\FRPEH��6WHHOV� �0LFURVWUXFWXUH �DQG
3URSHUWLHV���WK�HG��(OVHYLHU�/WG���&DPEULGJH�������

>��@

�*�0� �(YDQV� �(IIHFW �RI �PDQJDQHVH �RQ �WKH �PLFURVWUXFWXUH �DQG
SURSHUWLHV �RI �DOO�ZHOG�PHWDO �GHSRVLWV�� :HOGLQJ �5HV� �6XSSO��
����������1R�����S�����

>��@

�-�+��6KLP��<�-��2K��-�<��6XK��<�:��&KR��-�'��6KLP��-�6��%\XQ�
DQG�'�1��/HH��)HUULWH�QXFOHDWLRQ�SRWHQF\�RI�QRQ�PHWDOOLF�LQFOX�
VLRQV�LQ�PHGLXP�FDUERQ�VWHHOV��$FWD�0DWHU�� ���������� �1R�����
S�������

>��@

�%�$��*XURYLFK� �(�$� �.XOHKVRYD� �<�,� �6KWURPEDNK� �2�2� � =D�
EXVRY��DQG�(�$��.UDVLNRY��,QWHUJUDQXODU�DQG�LQWUDJUDQXODU�SKRV�
SKRUXV�VHJUHJDWLRQ�LQ�UXVVLDQ�SUHVVXUH�YHVVHO�VWHHOV�GXH�WR�QHXW�
URQ�LUUDGLDWLRQ��-��1XFO��0DWHU��������������1R�������S������

>��@

�'�-� �6SURXVWHU� �-� �6LQVKHLPHU� �(� �'RRU\KHH� �6�.� �*KRVH� �3�
:HOOV��7��6WDQ��1��$OPLUDOO��*�5��2GHWWH��DQG�/�(��(FNHU��6WUXF�
WXUDO �FKDUDFWHUL]DWLRQ �RI �QDQRVFDOH �LQWHUPHWDOOLF �SUHFLSLWDWHV �LQ
KLJKO\�QHXWURQ�LUUDGLDWHG�UHDFWRU �SUHVVXUH�YHVVHO �VWHHOV��6FULSWD
0DWHU��������������S�����

>��@

�.� �/LQGJUHQ� �0� �%RnVHQ� �.� �6WLOOHU� �3� �(IVLQJ� �DQG �0�
7KXYDQGHU��&OXVWHU�IRUPDWLRQ�LQ�LQ�VHUYLFH�WKHUPDOO\�DJHG�SUHV�
VXUL]HU�ZHOGV��-��1XFO��0DWHU��������������S�����

>��@

�-�6� �%\XQ� �-�+� �6KLP� �<�:� �&KR� �DQG �'�1� �/HH� �1RQ�PHWDOOLF
LQFOXVLRQ �DQG �LQWUDJUDQXODU �QXFOHDWLRQ �RI �IHUULWH �LQ �7L�NLOOHG
&±0Q�VWHHO��$FWD�0DWHU�������������1R�����S�������

>��@

�'�6� �6DUPD� �$�9� �.DUDVHY� �DQG �3�*� �-|QVVRQ� �2Q �WKH �UROH �RI
QRQ�PHWDOOLF �LQFOXLVRQV �LQ �WKH �QXFOHDWLRQ �RI �DFLFXODU �IHUULWH �LQ
VWHHOV��,6,-�,QW�������������1R�����S�������

>��@

�8� �=HUEVW� �5�$� �$LQVZRUWK� �+�7� �%HLHU� �+�7� �3LVDUVNL� �=�/�
=KDQJ� �.� �1LNELQ� �7� �1LWVFKNH�3DJHO� �6� �0�QVWHUPDQQ� �3�
.XFKDUF]\N� �DQG �'� �.OLQJEHLO� �5HYLHZ �RQ �IUDFWXUH �DQG �FUDFN
SURSDJDWLRQ �LQ �ZHOGPHQWV²$ �IUDFWXUH �PHFKDQLFV �SHUVSHFWLYH�
(QJ��)UDFW��0HFK��������������S������

>��@

�0��%RnVHQ��.��/LQGJUHQ��-��5RXGHQ��0��gEHUJ��-��)DOHVNRJ��0�>��@

7KXYDQGHU� �DQG �3� �(IVLQJ� �7KHUPDO �DJHLQJ �RI �ORZ �DOOR\ �VWHHO
ZHOGPHQWV �IURP �D �6ZHGLVK �QXFOHDU �SRZHU �SODQW²$ �VWXG\ �RI
PHFKDQLFDO �SURSHUWLHV� �>LQ@�)RQWHYUDXG���&RQWULEXWLRQ �RI �0D�
WHULDOV�,QYHVWLJDWLRQV�DQG�2SHUDWLQJ�([SHULHQFH�WR�/LJKW�:DWHU
133V¶�6DIHW\��3HUIRUPDQFH�DQG�5HOLDELOLW\��$YLJQRQ�������
�0�.��0LOOHU��.�$��3RZHUV��5�.��1DQVWDG��DQG�3��(IVLQJ��$WRP
SUREH�WRPRJUDSK\�FKDUDFWHUL]DWLRQV�RI�KLJK�QLFNHO� �ORZ�FRSSHU
VXUYHLOODQFH �539 �ZHOGV �LUUDGLDWHG �WR �KLJK �IOXHQFHV�� -� �1XFO�
0DWHU��������������1R�������S������

>��@

�)LQQLVK�6WDQGDUGV�$VVRFLDWLRQ��,62��������������0HWDOOLF�0D�
WHULDOV²&KDUS\�3HQGXOXP�,PSDFW�7HVW�²3DUW����7HVW�0HWKRG�
6WDQGDUG� �)LQQLVK�6WDQGDUGV�$VVRFLDWLRQ��:HVW�&RQVKRKRFNHQ�
�����

>��@

�$670 �,QWHUQDWLRQDO� �$670 �(��� ������ 6WDQGDUG �3UDFWLFH �IRU
'HVLJQ �RI �6XUYHLOODQFH �3URJUDPV �IRU �/LJKW�:DWHU �0RGHUDWHG
1XFOHDU�3RZHU�5HDFWRU�9HVVHOV��6WDQGDUG��$670�,QWHUQDWLRQDO�
:HVW�&RQVKRKRFNHQ�������

>��@

�1� �+\W|QHQ��(IIHFW�RI �0LFURVWUXFWXUH �RQ�%ULWWOH �)UDFWXUH � ,QLWL�
DWLRQ �LQ �D �5HDFWRU �3UHVVXUH �9HVVHO �:HOG �0HWDO� >'LVVHUWDWLRQ@�
8QLYHUVLW\�RI�7DPSHUH��7DPSHUH�������

>��@

�6�-� �-RQHV �DQG �+�.�'�+� �%KDGHVKLD� �&RPSHWLWLYH �IRUPDWLRQ �RI
LQWHU� �DQG �LQWUDJUDQXODUO\ �QXFOHDWHG �IHUULWH�� 0HWDOO� �0DWHU�
7UDQV��$������������1R������S�������

>��@

�7�/��$QGHUVRQ��)UDFWXUH�0HFKDQLFV�)XQGDPHQWDOV�DQG�$SSOLF�
DWLRQV���QG�HG���&5&�3UHVV��%RFD�5DWRQ�������

>��@

�0��.URRQ �DQG �-� �)DOHVNRJ� �0LFURPHFKDQLFV �RI �FOHDYDJH � IUDF�
WXUH �LQLWLDWLRQ �LQ �IHUULWLF �VWHHOV �E\ �FDUELGH �FUDFNLQJ�� -� �0HFK�
3K\V��6ROLGV������������1R�����S������

>��@

�/�)� �=KDQJ� �%� �5DGLJXHW� �3� �7RGHVFKLQL� �&� �'RPDLQ� �<� �6KHQ�
DQG �3� �3DUHLJH� �,QYHVWLJDWLRQ �RI �VROXWH �VHJUHJDWLRQ �EHKDYLRXU
XVLQJ �D �FRUUHODWLYH �(%6'�7.'�$37 �PHWKRGRORJ\ �LQ �D
��01'��ZHOG��-��1XFO��0DWHU��������������S������

>��@

��� ,QW��-��0LQHU��0HWDOO��0DWHU����9RO�������1R������0D\�����

https://doi.org/10.1016/S1359-6454(01)00134-3
https://doi.org/10.1016/S0022-3115(00)00007-6
https://doi.org/10.1016/j.scriptamat.2015.10.019
https://doi.org/10.1016/j.scriptamat.2015.10.019
https://doi.org/10.1016/j.jnucmat.2018.03.017
https://doi.org/10.1016/S1359-6454(02)00560-8
https://doi.org/10.2355/isijinternational.49.1063
https://doi.org/10.1016/j.engfracmech.2014.05.012
https://doi.org/10.1016/j.jnucmat.2013.01.312
https://doi.org/10.1016/j.jnucmat.2013.01.312
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://doi.org/10.1007/s11661-997-0157-8
https://doi.org/10.1007/s11661-997-0157-8
https://doi.org/10.1016/j.jmps.2004.05.008
https://doi.org/10.1016/j.jmps.2004.05.008
https://doi.org/10.1016/j.jnucmat.2019.06.002
https://doi.org/10.1016/S1359-6454(01)00134-3
https://doi.org/10.1016/S0022-3115(00)00007-6
https://doi.org/10.1016/j.scriptamat.2015.10.019
https://doi.org/10.1016/j.scriptamat.2015.10.019
https://doi.org/10.1016/j.jnucmat.2018.03.017
https://doi.org/10.1016/S1359-6454(02)00560-8
https://doi.org/10.2355/isijinternational.49.1063
https://doi.org/10.1016/j.engfracmech.2014.05.012
https://doi.org/10.1016/j.jnucmat.2013.01.312
https://doi.org/10.1016/j.jnucmat.2013.01.312
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://doi.org/10.1007/s11661-997-0157-8
https://doi.org/10.1007/s11661-997-0157-8
https://doi.org/10.1016/j.jmps.2004.05.008
https://doi.org/10.1016/j.jmps.2004.05.008
https://doi.org/10.1016/j.jnucmat.2019.06.002
https://doi.org/10.1016/S1359-6454(01)00134-3
https://doi.org/10.1016/S0022-3115(00)00007-6
https://doi.org/10.1016/j.scriptamat.2015.10.019
https://doi.org/10.1016/j.scriptamat.2015.10.019
https://doi.org/10.1016/j.jnucmat.2018.03.017
https://doi.org/10.1016/S1359-6454(02)00560-8
https://doi.org/10.2355/isijinternational.49.1063
https://doi.org/10.1016/j.engfracmech.2014.05.012
https://doi.org/10.1016/S1359-6454(01)00134-3
https://doi.org/10.1016/S0022-3115(00)00007-6
https://doi.org/10.1016/j.scriptamat.2015.10.019
https://doi.org/10.1016/j.scriptamat.2015.10.019
https://doi.org/10.1016/j.jnucmat.2018.03.017
https://doi.org/10.1016/S1359-6454(02)00560-8
https://doi.org/10.2355/isijinternational.49.1063
https://doi.org/10.1016/j.engfracmech.2014.05.012
https://doi.org/10.1016/j.jnucmat.2013.01.312
https://doi.org/10.1016/j.jnucmat.2013.01.312
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://doi.org/10.1007/s11661-997-0157-8
https://doi.org/10.1007/s11661-997-0157-8
https://doi.org/10.1016/j.jmps.2004.05.008
https://doi.org/10.1016/j.jmps.2004.05.008
https://doi.org/10.1016/j.jnucmat.2019.06.002
https://doi.org/10.1016/j.jnucmat.2013.01.312
https://doi.org/10.1016/j.jnucmat.2013.01.312
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://www.iso.org/standard/63802.html
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://compass.astm.org/EDIT/html_annot.cgi?E185
https://doi.org/10.1007/s11661-997-0157-8
https://doi.org/10.1007/s11661-997-0157-8
https://doi.org/10.1016/j.jmps.2004.05.008
https://doi.org/10.1016/j.jmps.2004.05.008
https://doi.org/10.1016/j.jnucmat.2019.06.002


-� 0HFK� 3K\V� 6ROLGV ��� ������ ������

$YDLODEOH RQOLQH �� 1RYHPEHU ����
����������� ���� 7KH $XWKRUV� 3XEOLVKHG E\ (OVHYLHU /WG� 7KLV LV DQ RSHQ DFFHVV DUWLFOH XQGHU WKH && %< OLFHQVH
�KWWS���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�������

Contents lists available at ScienceDirect

Journal of theMechanics and Physics of Solids

journal homepage: www.elsevier.com/locate/jmps

Aweakest linkmodel for multiple mechanism brittle fracture—
Model development and application
Magnus Boåsen <, Carl F.O. Dahlberg, Pål Efsing, Jonas Faleskog
Solid Mechanics, Department of Engineering Mechanics, KTH Royal Institute of Technology, Teknikringen 8D, SE-100 44 Stockholm, Sweden

A R T I C L E I N F O

Keywords:
Brittle fracture
Cleavage fracture
Intergranular
Transgranular
Crystal plasticity
Weakest link

A B S T R A C T

A multiple mechanism weakest link model for intergranular and transgranular brittle fracture
is developed on the basis of experimental observations of a thermally aged low alloy steel. The
model development is carried out in tandem with micro mechanical analysis of grain boundary
cracking using crystal plasticity modeling of polycrystalline aggregates with the purpose to
inform the weakest link model. The fracture modeling presented in this paper is carried out
by using a non-local porous plastic Gurson model where the void volume fraction evolution is
regularized over two separate length scales. The ductile crack growth preceding the final brittle
fracture is well predicted using this type of modeling. When applied to the brittle fracture tests,
the weakest link model predicts the fracture toughness distribution remarkably well, both in
terms of the constraint and the size effect. Included in the study is also the analysis of a reference
material.

1. Introduction

The structural integrity of a component is fundamentally dependent on the mechanical properties of the material of which
it is made. In the case of components of ferritic steels, cleavage fracture is an adverse failure mode that generally occurs at
low temperatures. At higher temperatures, such materials progressively become more ductile until the cleavage failure mode is
suppressed in its entirety. This transition is typically called the ductile-to-brittle transition and needs to be accounted for in the
design and operation of components made from ferritic steels. For components with a long design life, the risk of embrittlement of
structural materials by ageing due to environmental factors is increased. Such factors could be operating temperature, irradiation
or a reactive chemical environment. Embrittlement of ferritic steels, which typically exhibit cleavage fracture at low temperatures,
will cause an increase in the temperature at which cleavage fracture can occur. This phenomena is a characteristic for ageing of low
alloy steels in nuclear power plants whereby ageing is primarily induced by neutron irradiation (Was, 2007) and high operating
temperatures (Nanstad et al., 2018). Embrittlement by ageing in this sense is commonly divided into two groups; hardening and
non-hardening embrittlement. Hardening embrittlement occurs due to the formation of microstructural features such as solute
clusters or fine scale precipitates that impede dislocation motion, thereby increasing the yield strength of the material, resulting
in embrittlement. Non-hardening embrittlement works by decreasing the cohesive strength of prior austenite grain boundaries by
impurity segregation, thus altering the fracture path from the cleavage planes to the grain boundaries. The most common impurity
elements known to cause this phenomenon belongs to groups IV-VI in the periodic system, e.g. P, S, Sn and Si, commonly found as
trace elements in the steels considered (Briant and Banerji, 1978; Knott, 1977). Briant and Banerji (1978) also observed that with
larger grain size came a larger fraction of intergranular failure, which they discussed in terms of dilution of segregants for the case
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of smaller grains, i.e. less impurities per unit grain boundary area. Both the hardening and non-hardening mechanisms can appear
exclusive of the other or simultaneously. A recent study (Boåsen et al., 2020) of a weld metal from a decommissioned component
from a Swedish nuclear power plant subjected to thermal ageing concluded that the material had been subject to both hardening
as well as non-hardening embrittlement. Fracture toughness testing of the material revealed that multiple mechanisms for cleavage
initiation existed, giving rise to a complex bimodal toughness distribution.

For cleavage fracture to be possible, several pre-requisites needs to be fulfilled. The first being the nucleation of a micro
crack, this event typically occurs by the cracking of a second phase particle due to plastic straining of the matrix surrounding the
particle (McMahon and Cohen, 1965). For a nucleated micro crack to transition into a fully developed cleavage crack experiencing
unstable propagation it must grow in size and overcome microstructural barriers such as grain boundaries. This progression from
nucleus to self-sustained growth will only be completed when a high enough stress level is reached over a sufficiently large region
around the nucleation site. As cleavage fracture exhibits a large degree of inherent scatter, probabilistic modeling is needed to
describe its behavior. Weakest link modeling has been shown to be well suited to describe the fracture toughness associated with
cleavage fracture, examples of such models include the ones by Beremin et al. (1983), Wallin (1984), ASTM (2019a), Bordet et al.
(2005a,b), and Kroon and Faleskog (2002), Faleskog et al. (2004), Kroon et al. (2008), Boåsen et al. (2019). These models have
varying degree of complexity and different strengths, e.g. the master curve model by Wallin is based on the intensity, K

I
, of the crack

tip stress field and has been shown in numerous cases to well describe the strong effect of temperature on the cleavage fracture
toughness. The model by Kroon and Faleskog has been shown to capture the effects of crack tip constraint in a promising way.
However, all of the mentioned models pertain to single mechanism cleavage failure, i.e. brittle cleavage fracture initiated by one
mechanism.

Models incorporating multiple mechanism brittle fracture include the one by Yahya et al. (1998) where the studied material
displayed intergranular failure initiated at MnS-inclusions and transgranular failure initiated from a second population of microstruc-
tural features. The probabilistic model employed in their study is an extension of the Beremin model (Beremin et al., 1983). Another
multiple mechanism model is the one by Wallin et al. (2004) which is an extension of the master curve model, making it capable
of describing bimodal toughness distributions.

The material considered in this study is a multi-layer weld of a low alloy steel, where an understanding of the grain structures
is of importance. As a multi-layer weld is formed, zones of different grain structures will emerge due to the solidification and
subsequent reheating of the weld beads. As a weld bead solidifies during welding, a dendritic grain structure emerges transverse
to the welding direction. When the multi-layer weld is built up, subsequent weld beads will be laid on top of the already existing
beads, thus effectively heat treating the upper part of the weld bead below. This gives rise to a region with smaller equiaxed grains
in the bead below due to recrystallization from the locally increased temperature. As this process continues, the weld will achieve
a microstructure that has regions of dendritic grains, regions with finer grains that have been reheated once (equiaxed) and regions
that have been reheated several times (equiaxed).

This paper is concerned with a probabilistic model for multiple mechanism brittle fracture where initiation is possible from
both particle cracking as well as grain boundary failure. The model will be shown capable of handling crack tip constraint as well
as incorporating multiple mechanisms for brittle fracture initiation. The model will be applied and compared to fracture tests of
thermally aged welds from a decommissioned pressurizer from a Swedish nuclear power plant (Boåsen et al., 2020) and its main
features will be explored. The outline of the paper is as follows, Section 2 gives a brief account of the fracture tests, as well as
the modeling of the same, Section 3 presents the foundation of the probabilistic model and the model assumptions, Section 4
presents a micro mechanical study of polycrystalline aggregates in order to motivate the failure characteristics of grain boundaries,
Section 5 presents an application of the model to experiments and explores the model behavior, and finally the paper is concluded
by a discussion of the model and the results in Section 6.

2. Material, experiment and fracture modeling

2.1. Material and experiment

The experimental series considered in this study can be found detailed in Boåsen et al. (2020), however a brief review will also
be given here.

The materials considered in this paper are two low alloy steel welds from the Ringhals nuclear power plant in Sweden, one
thermally aged material subjected to 345 ˝C for Ì215 000 h, and a reference material that has been subjected to 310–315 ˝C for
Ì176 000 h. Even though the difference in operating temperature and time may appear minute, the effects of ageing are distinct, the
embrittlement due to operation of the reference material is considered small or close to negligible in comparison to the thermally
aged material. From here onward the thermally aged material will be denoted R4PRZ and the reference material R3RPVH.

The main emphasis of the experiments were the constraint effect on the brittle fracture toughness and how the constraint
sensitivity would be impacted by embrittlement due to thermal ageing. To elucidate this, fracture test series with different crack
tip constraint were conducted at temperatures where the high constraint fracture toughness of the two materials would coincide.
The fracture test series was composed of T–S oriented, SEN(B)-specimens with dimensions W = 30 mm, B = 15 mm, and
a_W = {0.5 and 0.1} i.e. both deep and shallow cracks. Deep corresponding to a state of high crack tip constraint and shallow
for low crack tip constraint. Also included was a series of smaller specimens to be used as a size effect reference with, W = 14 mm,
B = 7 mm, and a_W = 0.5. The temperatures that were chosen to yield similar brittle fracture toughness were *50 ˝

C and *90 ˝
C

for R4PRZ and R3RPVH respectively.
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Fig. 1. Experimental fracture test results of the thermally aged R4PRZ and the reference R3RPVH. Results pertaining to high constraint specimens (a), low
constraint specimens (b), and small specimens (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

The reference temperature T
0
was determined from the fracture test results according to ASTM E1921 (ASTM, 2019a) to be

T R4PRZ

0
= *33

˝
C and T R3RPVH

0
= *78

˝
C, i.e. a �T

0
= 45

˝
C. The fracture tests of R4PRZ revealed a bimodal toughness distribution

as seen in Fig. 1, where the effect on the specimens with shallow cracks was strong, as can be seen in the rank probabilities
for the experimental data in Fig. 1. The rank probability of failure was estimated using the median rank according to Benard’s
approximation as P i

rank
= (i * 0.3)_(N + 0.4), where N is the number of specimens and i is the specimen in the series from 1

to N corresponding to P i
rank

. Fractographical investigations revealed that initiation of fracture in the more brittle specimens (low
toughness) of R4PRZ, e.g. the first five specimens in Fig. 1(b), was exclusively from grain boundaries. In the specimens with
higher fracture toughness, the brittle/cleavage fracture was preceded by ductile growth and was initiated partly from second phase
particles and partly from grain boundaries. This revealed that two mechanisms exist in the microstructure and both can initiate
brittle fracture. The testing of R3RPVH uncovered a unimodal toughness distribution with cleavage fracture initiation from second
phase particles. It should be mentioned that small portions of intergranular features was found in a few specimens of the R3RPVH
as well.

The experimental series also included ductile fracture tests that were conducted on the upper shelf at a temperature of 75 ˝
C

using SEN(B)-specimens with side-grooves to promote uniform growth along the crack front. The specimen dimensions were W =

30 mm, B = 15 mm, B
N
= 12 mm, and a_W = 0.5. The ductile initiation fracture toughness was determined to J

IC
= 338 kN/m for

both materials at 75 ˝
C.

2.2. Fracture modeling

Models of the experiments for both the development of the multiple mechanism weakest link model and the ductile failure
tests were set up as finite element (FE) models. These were generated with meshes containing 32 500–47 000 elements for models
pertinent to both the ductile fracture and brittle fracture experiments. Eight noded hexahedral elements with reduced integration
was used in all models, and due to symmetry, only a quarter of the three point bend specimen was modeled with 12 elements
through the thickness. An overview of the FE-models can be seen in Fig. 2. The elastic–plastic material behavior was modeled
using the Gurson model for porous plasticity (Gurson, 1977) with the plastic potential under isotropic strain hardening as

� =

0�
e

�
f

12

+ 2 q
1
fcosh

0

3

2

q
2
�
m

�
f

1

*

⇠

1 +
�

q
1
f
�2
⇡

= 0. (1)

Here �
e
is the von Mises equivalent stress, �

m
is the mean stress, �

f
is the material flow strength, f is the void volume fraction, and

q
1
and q

2
are parameters introduced by Tvergaard (1981, 1982) to improve model predictions. The parameters q

1
and q

2
will here

be taken as proposed by Faleskog et al. (1998). The evolution of the void volume fraction during plastic straining is divided in two
terms, one defined by dilatational deformation Üf

m
and one defined by deviatoric deformation Üf

s
, i.e. Üf = Üf

m
+ Üf

s
. Contributions

from nucleation due to plastic straining is also included but is split into the aforementioned categories as will be shown below. The
evolution of the void volume fraction due to dilatational deformation is given by

Üf
m
= (1 * f ) Ü"p

kk
+ Üf nucleation

m
, (2)

where Ü"p
kk
is the volumetric part of the plastic strain increment. The evolution of the void volume fraction due to deviatoric

deformation was first introduced by Nahshon and Hutchinson (2008) as a shear modification to the original Gurson model and
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Fig. 2. (a) Schematic illustration of model symmetries and dimensions corresponding to experimental specimens, (b) illustration of finite element discretization,
(c) close up of fine mesh region surrounding the vicinity of the crack tip.

is given by

Üf
s
= k!f!

sij Ü"
p

ij

�
e

' (T ) + Üf nucleation

s
. (3)

Here k! is a model parameter that sets the strength of the deviatoric damage evolution, sij is the stress deviator, Ü"
p

ij is the incremental
plastic strain tensor, ! is a measure of the stress state that is unity for a pure shear stress state with a smooth transition to zero as
the stress state transitions to pure tension or compression. It is given by

! = 1 *

H

27J
3

2�3
e

I2

, (4)

where J
3
is the third invariant of the stress deviator. The function ' (T ) penalizes the deviatoric damage evolution for high stress

triaxialities T and was introduced by Nielsen and Tvergaard (2010) as the shear modification of the void volume fraction tends to
overestimate the contribution at moderate to high stress triaxialities T . The function ' (T ) is here taken as

' (T ) = 1

2
*

1

2
tanh

�


�

T * T!
��

, (5)

which is unity for low values of T and transitions smoothly to zero depending on  and T!. In this case,  was calculated so that
90% of the transition from unity to zero would occur over the interval specified by �T

90
, the relation becomes  = 1.4722195_�T

90
.

The contribution to the void growth as a result of nucleation due to plastic straining is expressed as

Üf nucleation
= D ÜÑ"p, (6)

where ÜÑ"p is the matrix equivalent plastic strain rate which is related to the aggregate equivalent plastic strain rate as ÜÑ"p =

�ij Ü"
p

ij
_
⌅

(1 * f ) �f
⇧

. This enables the separation into dilatational and deviatoric contributions as

Üf nucleation

m
= D

�kk Ü"
p

kk

3 (1 * f ) �f
, (7)

Üf nucleation

s
= D

sij Ü"
p

ij

(1 * f ) �f
. (8)

Here D is the parameter for strain-controlled void nucleation at the current accumulated level of matrix equivalent plastic strain
Ñ"p, which in this case is taken as a log-normal distribution as

D =
f
N

Ñ"ps
N

˘

2⇡
exp

`

r

r

p

*
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2

L
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�
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N
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s
N

M2
a

s

s

q

. (9)
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The parameter f
N
is related to the volume fraction available for nucleation, "

N
and s

N
are the distribution parameters and relates

to the mean and the standard deviation as "� = "
N
exp

�

s2
N

�

and s
D
= "

N
exp

�

s2
N

�

t

exp
�

s2
N

�

* 1, respectively. In the first formulation
of strain controlled nucleation of voids by Chu and Needleman (1980) a normal distribution was employed. The present choice
was made for two reasons (i) the normal distribution is defined for infinitely large negative plastic strains, and (ii) the underlying
distributions of potential void forming features, such as second phase particles e.g. carbides, tend to be well described by a log-normal
distribution.

As the void volume fraction f increases, the load carrying capacity will be reduced due to a material softening. This will give rise
to mesh dependent solutions (cf. Zienkiewicz and Taylor, 1991). One solution to this issue in earlier studies of fracture modeling
employing the Gurson model has been by use of careful mesh design where the element size becomes a material parameter, cf.
Xia and Fong Shih (1995), and Gao et al. (1998). Another solution to this issue is suggested by Tvergaard and Needleman (1995)
where the void volume fraction is regularized by integration over a certain length scale which yields mesh independent results. A
third solution is exemplified by Nguyen et al. (2020) where a non-local micromorphic continuum theory is used in conjunction with
the Gurson model, in their model the plastic strains are non-local variables which are then used to form the increment in the void
volume fraction.

In the formulation presented here, the integration of void volume fraction is used where the dilatational and deviatoric
components of the increment in the void volume fraction are regularized over separate length scales, R

m
and R

s
respectively. This

is carried out as

ÜÑf
m
=

1

W
m

�

Xk
�  V Üf

m

� ÇXk
�

w
m

�

Xk * ÇXk
�

dV , (10a)

ÜÑf
s
=
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W
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�

Xk
�  V Üf

s

� ÇXk
�

w
s

�

Xk * ÇXk
�

dV , (10b)

where

W
i

�

Xk
�

=  V w
i

�

Xk * ÇXk
�

dV . (11)

Here subscript i corresponds to the dilatational and deviatoric damage processes. The function wi
�

Xk
�

assumes the value of unity
if
�

Xk * ÇXk
�

Õ Ri and zero if
�

Xk * ÇXk
�

> Ri, where Ri is the dilatational length scale R
m
in (10a) and the deviatoric length scale

R
s
in (10b). In this study, the wi-function is a constant function over the non-local length scales, however, it can be readily chosen

as a weight function as done by Tvergaard and Needleman (1995) or as for the non-local stress integration by Kroon et al. (2008).
Note that ÜÑfi will be equal to the local Üfi in the limit where R

i
ô 0. The integration is carried out in the reference configuration.

The increment in void volume fraction used in all computations is the sum of the non-local increments as Üf =
ÜÑf
m
+

ÜÑf
s
.

The reason for choosing this modeling approach was due to the mesh refinement needed for resolving the crack tip fields
appropriately for the weakest link modeling. For instance, incorporating the constitutive length scale in the mesh design will not
be able to resolve the fields accurately enough as this would yield too large elements for weakest link calculations, making the
integration method more suited for the problem. The non-local regularization was initially carried out using a single length scale for
the increment in void volume fraction. However, this proved to be problematic since the crack growth would consistently initiate
some distance ahead of the crack tip and, in some cases depending on the choice of parameters, leave a small ligament of load
carrying elements close to the crack tip. By separating the regularization into dilatational and deviatoric contributions to the void
volume fraction, these problems could be avoided altogether.

As voids grow to a critical size during plastic straining, the load carrying capacity of the material point is diminished due to the
coalescence of voids. This final process of void growth and failure is not captured by the Gurson model, instead the yield condition
is evaluated using the modified void volume fraction f < as introduced by Tvergaard and Needleman (1984) to account for the rapid
increase in the void volume fraction during coalescence as

f <
=

T

f for f Õ f
C

f
C
+

1_q1*fC
fE*fC

�

f * f
C

�

for f > f
C

(12)

where f
C
is the critical void volume fraction at the onset of coalescence and f

E
is the void volume fraction at total loss of load

carrying capacity.
The incremental constitutive model has been implemented in the commercial software Abaqus as a VUMAT. Further details about

the model implementation and behavior will be not be elaborated on here. Regarding the boundary conditions of the FE-models,
symmetry conditions were prescribed on the planes X

2
= 0 and X

3
= 0 by enforcing u

2
= 0 and u

3
= 0, respectively. The top roller

support of the SEN(B)-specimen set up was modeled by enforcing u
1
= 0 at the three top node rows in the plane X

2
= 0. The load

was introduced by applying a constant velocity v
1
= Ñv

1
at {X

1
= 0,X

2
= 2W }, Ñv

1
was specified at a level to achieve a solution

judged to be close to quasi-static. All models were solved using large deformations. In Abaqus Explicit, the J -integral cannot be
calculated by the built in routines. Instead, the J -integral was calculated from the force-load line displacement relation according
to the methodology supplied in ASTM E1820 (ASTM, 2019b) along with the relation for the plastic ⌘-factor for shallow cracks from
Faleskog et al. (2004).

The material flow strength was inferred from tensile tests of the weld metals and was fitted to a Voce-like hardening law on the
form

�
f
= �

0

⌅

1 + ↵
f
Ñ"p + �

f

�

1 * exp (*�
f
Ñ"p)

�⇧

, (13)
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Fig. 3. Comparison of crack growth predictions and experimental fracture test results at test temperature 75 ˝
C. (a) Thermally aged R4PRZ, (b) reference

R3RPVH. Note, these data sets were used for parameter calibration. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 4. Comparison of crack growth predictions and experimental fracture test results at test temperatures *50
˝
C and *90

˝
C. (a) Thermally aged R4PRZ, (b)

reference R3RPVH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

where �
0
, ↵

f
, �

f
and �

f
are parameters that can be found in Table 1.

The parameters of the porous plastic model were calibrated from the ductile fracture tests at 75 ˝C, and then used to make
predictions which were compared to the fracture test results at *50 and *90 ˝

C. The parameters can be found in Table 2. The same
model parameters pertinent to the porous plastic models were used for both materials. The comparison between experimental results
and model predictions can be seen in Figs. 3 and 4 for the ductile fracture tests and the brittle specimens subjected to ductile growth
prior to final brittle failure, respectively. A comparison between the force–displacement relation of the brittle fracture specimens
can be seen in Fig. 5. Models of different levels of discretization were used in the modeling of the pure ductile fracture tests and
the brittle fracture tests. The pertinent issue here is to note the resolution in the integrals of (10a) and (10b). For the length scales
in Table 2, the models used for the pure ductile simulations has a level of discretization that gives Ì20 elements/element for the
dilatational length scale and Ì3 elements/element for the deviatoric length scale, along the axis of crack propagation in the fine
mesh zone respectively. The corresponding numbers for the finer models used in the modeling of the brittle fracture tests are Ì28
elements/element for the dilatational length scale and Ì5 elements/element for the deviatoric length scale, along the axis of crack
propagation in the fine mesh zone.

In order to supply relevant boundary conditions for the micromechanical model in Section 4, the stress state ahead of the crack
tip in the relevant models will be analyzed. Any stress state can be described by its three principal stresses, or correspondingly by
a combination of the von Mises effective stress �

e
, the triaxiality parameter, T = (�

I
+ �

II
+ �

III
)_(3�

e
), and the Lode parameter,
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Fig. 5. Comparison of force–displacement predictions and experimental fracture test results at test temperatures *50 ˝
C and *90

˝
C. (a) Thermally aged R4PRZ,

(b) reference R3RPVH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Model parameters used in the Voce-like hardening law.
Material T _˝C �

0
_MPa ↵

f
�
f

�
f

R4PRZ 75 662.0 0.3143 0.1541 20.97
R3RPVH 75 617.8 0.3393 0.1772 24.89
R4PRZ *50 717.5 0.4098 0.2900 16.09
R3RPVH *90 694.4 0.4772 0.3600 21.6

Table 2
Model parameters used in the porous plastic model.
Parameter Value Parameter Value Parameter Value

q
1

1.57 q
2

0.974 f
0

0.003
k! 3.0 T! 0.9 �T

90
0.2

f
N

0.001 "
N

0.03 S
N

0.5
f
C

0.15 f
E

0.2
R

m
_�m 280 R

s
_�m 50

E_GPa 200 ⌫ 0.3

L = (2�
II
* �

I
* �

III
)_(�

I
* �

III
), where the characteristics of the stress state is determined by the combination of T and L. The

maximum principal stress, the stress triaxiality and the Lode parameter were extracted ahead of the crack tip from the models of
the specimens used in the testing in order to understand the characteristics of the stress state. The maximum principal stress was
extracted rather than the von Mises effective stress since understanding of the highest stress and its location ahead of the crack tip
is central for brittle fracture. To capture the effect of crack tip constraint on the stress state ahead of the crack tip, models with the
crack size to width ratio a_W = {0.5, 0.1} were used.

The stress state in terms of the maximum principal stress �
I
, the stress triaxiality T , and the Lode parameter L was extracted

ahead of the crack tip along the centerline of the specimen and can be seen plotted against the normalized crack tip coordinate in
Fig. 6(a-c). The specimen was loaded to levels that would not cause ductile crack growth, i.e. the solutions presented in Fig. 6 are
representative for those of a stationary crack. Fig. 6(d-f) shows the same quantities averaged over the interval 0.5 Õ r�

0
_J Õ 2.0,

i.e. around the stress peak in Fig. 6(a-c), against the level of loading as defined through the J -integral. The difference in crack tip
constraint is clearly shown in Fig. 6(a) and (b) where the shallow cracked specimen has a less intense stress state than the deeply
cracked specimen. From subfigures (d-f) it is seen how the stress state undergoes a build-up period, reaching a close to constant
level over the load levels depicted. From this analysis it was found that the stress state in the region around the stress peak in deeply
and shallowly cracked SENB specimens could be characterized by T = {2.2, 1.9} and L = {*0.25, *0.4}, respectively.

3. Probabilistic model incorporating multiple failure mechanisms

In this chapter a weakest link model capable of handling multiple mechanisms for brittle fracture will be developed.
As brittle failure is an inherently probabilistic process by nature which typically can be traced back to a single micro crack nucleus

that developed into a self-sustaining brittle fracture, weakest link modeling is considered appropriate here. The basic weakest link
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Fig. 6. Stress state characteristics along the centerline in the crack plane of the SEN(B)-specimen. (a) Maximum principal stress normalized with �
0
from Eq.

(13), (b) stress triaxiality T , and (c) Lode parameter L, (a-c) plotted at J = 50 kN/m. (d) Normalized averaged maximum principal stress, (e) averaged stress
triaxiality ÑT , (f) averaged Lode parameter ÑL, (d-f) averaged over 0.5 Õ r�

0
_J Õ 2.0 and plotted throughout the loading history.

assumption can be summarized as: the volume of a structure can be divided into infinitesimal elements, complete failure of the
structure occurs if one of these elements fail. It will be assumed that one of two possible failure mechanisms may be activated
within each element, specifically grain boundary or particle initiated failure. However, the following framework can readily be
extended to a multitude of mechanisms. The nature of the problem allows for the expression of the probability of failure to be
derived by assuming either statistical independence or mutual exclusivity among the failure mechanisms. If statistical independence
is assumed, the probability of failure of an infinitesimal element can be written as P (A ‰ B) = P (A) + P (B) * P (A)P (B), which
together with the assumption of small failure probabilities of each element becomes subject to P (A)P (B) ˘ 0, resulting in the
probability of failure of an element as P (A ‰ B) = P (A) + P (B). Mutual exclusivity implies that even though multiple mechanisms
are probable to cause brittle fracture initiation, only one mechanism will initiate and cause the resulting failure, i.e. either the one
or the other. Therefore, the probability of failure of an infinitesimal element can be written as P (A ‰ B) = P (A) + P (B), and thus
P (A „ B) = 0. This results in a weakest link expression as

P
f
= 1 * exp

0

* V
�

hA + hB
� dV
V
0

1

, (14)

where hA and hB are the hazard functions for the different micro mechanisms of failure. The connection between the physical
behavior of the micro mechanism and the probabilistic model is described through the functions hi (�, "), which can be interpreted
to be related to the number of potential brittle crack initiators available at the current load level. The superscript i is used to signify
a specific micro mechanism. The model developed here takes inspiration from the work by Kroon and Faleskog (2002) and can be
seen as a development of that model. In their work, the function h was divided into two separate parts as h = h

1 ( Ñ"p)h2 ( Ñ�), where
h
1
is related to the formation of micro cracks and is representative of the number of micro cracks at that level of plastic strain,

while h
2
is related to the propagation of a critical micro crack leading to macroscopic failure. In previous studies (Faleskog et al.,

2004; Kroon et al., 2008; Boåsen et al., 2019) where this model has been applied, the failure probability was calculated from the
maximum value of h during the load history leading up to the current load step. This choice makes the implementation straight
forward and relatively simple, however it leaves the interpretation of h ambiguous in some cases. For example, if the micro crack
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nucleation rate would decrease with increasing plastic strain, the model would still predict an increasing probability of failure. Also,
a micro crack needs to be nucleated in a region of high stress such that it keeps propagating until it can become self-sustaining.
It is less likely that brittle fracture will occur from an arrested micro crack, which a model with h

max
suggests. For this reason, an

incremental formulation for h
1
is proposed as

hi
1
=  

Ñ"p

0

gi
1

�

Ñ"p
�

d Ñ"p, (15)

where g
1
is related to the rate of nucleation of micro cracks. Combined with h

2
, the expression for h becomes

hi =  
Ñ"p

0

gi
1

�

Ñ"p
�

hi
2

�

�
�

Ñ"p
��

d Ñ"p. (16)

This expression allows for unambiguous interpretations of the nucleation rate and that a micro crack must indeed nucleate in a
region of high stress in order to propagate as a cleavage crack. Experimental observations by McMahon and Cohen (1965), Lindley
et al. (1970), and Gurland (1972) prompted Kroon and Faleskog to use a linear function for h

1
which in this framework translates

to a constant g
1
. The case of a linear h

1
–function has been shown to work well in the case of particle initiated cleavage. A viable

choice of g
1
for intergranular failure will be developed in Section 4. The function h

2
will for both mechanisms be taken to be on

the same form as in the original model, i.e. through an assumption of an exponential micro crack size distribution as

hi
2
( Ñ�) =

h

n

n

l

n

n

j

exp

H

*

0

⌘�i
th

Ñ�

12
I

* exp
�

*⌘2
�

for Ñ� > �i
th
,

0 for Ñ� Õ �i
th
.

(17)

Here, �i
th
is the threshold stress below which brittle fracture is not possible, Ñ� is a non-local measure of stress. The parameter ⌘

is a distribution parameter which has been shown to have little significance in practical applications and ⌘ will be taken as unity
throughout this study as per the suggestions in Kroon and Faleskog (2002). The non-local stress measure Ñ� in (17) is calculated
from the non-local stress tensor Ñ�ij , which is calculated as the volume average over the volume V

L
with radius L as

Ñ�ij =
1

V
L
 VL �ij (Xk * ÇXk) d ÇV , (18)

where X =
�

X
1
,X

2
,X

3

�

are the coordinates of the center of V
L
and L Œ Xk * ÇXk. Note that Ñ�ij will be equal to the local �ij in the

limit of L ô 0 or if the stress state in V
L
is homogeneous. The non-local stress measure Ñ� can then readily be calculated from the

principal stresses of the non-local stress tensor as

Ñ� =
(n + 1) Ñ�

I
+ Ñ�

II
+ Ñ�

III

n + 3
, (19)

which is the effective normal stress measure, introduced in Boåsen et al. (2019), where the parameter n can be used to obtain a
measure of normal stress that ranges between the mean stress when n = 0 and the maximum principal stress when n ô ÿ. Note the
ordering of the principal stresses Ñ�

I
Œ Ñ�

II
Œ Ñ�

III
. In this study, n ô ÿ was chosen, resulting in the maximum principal stress in order

to reduce the parameter space.
At significant plastic straining related to the ductile failure process potential brittle fracture initiators may cause a void to form

rather than initiating a brittle fracture nucleus. Either by particle debonding or by microcrack arrest of a grain boundary crack. A
method to account for this process in the modeling of brittle fracture was laid out by Xia and Fong Shih (1996). By considering
the conditional probability of brittle fracture occurring given that no void has nucleated, the brittle fracture probability given the
probability of void nucleation can be written as

P i
brittle

= P i
brittlenovoid

�

1 * P
void

�

, (20)

where P i
brittle

is the brittle fracture probability, P i
brittlenovoid

is the brittle fracture probability where no account is taken of void

nucleation, and P
void

is the void nucleation probability. Taking this into account for the total failure probability alters the expression
in Eq. (14) to

P
f
= 1 * exp

0

* V
�

hA + hB
� �

1 * P
void

� dV
V
0

1

. (21)

Here it is assumed that both brittle mechanisms are affected in the same way where P
void

is related to the nucleation of voids due
to plastic straining as introduced in Section 2.2, which is expressed as

P
void

=
1

f
N
 

Ñ"p

0

D
�

Ñ"p
�

d Ñ"p. (22)

The mechanisms of interest in this study are as observed experimentally in Section 2.1, namely brittle intergranular and
transgranular cleavage fracture. In the weakest link modeling carried out in the remainder of the paper transgranular cleavage
will be represented by mechanism A and brittle intergranular fracture will be mechanism B.
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Fig. 7. Tesselations of grain structures. (a) and (b) corresponds to the equiaxed grain structures, where cv = {0.2, 0.4} respectively. (c) and (d) corresponds to
the dendritic grain structures, where the aspect ratio of the grains corresponds to 0.05 and 0.1 respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

4. Modeling of grain boundary failure

Micro mechanical modeling of polycrystalline aggregates has been considered in order to study and motivate the micro crack
nucleation rate from grain boundaries subjected to a stress state relevant to that of a material point ahead of a deforming crack tip.
As a multi-layer weld is considered in this study, the grain structures have been divided into representative volume elements (RVEs)
of equiaxed grains and dendritic grains. The grain structure models considered here were made using the open-source software
Neper (Quey et al., 2011). The equiaxed grain structures were made using a constrained tesselation to yield a log-normal grain
size distribution with a specific coefficient of variation cv = s_�, and a log-normal grain sphericity distribution in order to achieve
the equiaxed structure. The dendritic grain structures were constructed from tessellations with specific grain aspect ratios, asp =

width/length. The grain structures considered in this study contain 1000 or 800 grains with random crystallographic orientation.
For simplicity the equiaxed and dendritic structures were separated into individual models as depicted in Fig. 7.

4.1. Crystal plasticity

The analysis of the RVEs has been carried out using the crystal plasticity framework offered in the open-source software
DAMASK (Roters et al., 2019). The crystal plastic framework in DAMASK is a modification of the phenomenological model
introduced by Hutchinson (1976) to accommodate the slip systems of bcc crystals. The framework incorporates slip on 12 {110}Í111Î

and 12 {112}Í111Î systems, respectively, which are parameterized by the slip resistances s↵ (↵ = 1, 2,… , 24). The resistance is
asymptotically increased from the initial critical resolved shear stress s↵

0
towards the saturation stress s↵

ÿ
due to shearing on the slip

systems �� (� = 1, 2,… , 24) as

Üs↵ =

24
…

�=1
h
0
 Ü�� 

Û

Û

Û

Û

Û

1 *
s�
s↵
ÿ

Û

Û

Û

Û

Û

a

sgn
0

1 *
s�
s↵
ÿ

1

h↵� , (23)

where h
0
and a are model parameters and h↵� are slip interaction parameters. Given a set of current slip resistances and a resolved

shear stress, the shear on each slip system evolves at a rate of

Ü�↵ = Ü�
0

Û

Û

Û

Û

⌧↵
s↵

Û

Û

Û

Û

n
sgn (⌧↵) , (24)

where Ü�
0
is the reference shear rate and n is the viscoplastic stress exponent. The resolved shear stress, ⌧↵ , on a specific slip system

is calculated as

⌧↵ = M
p

�

s↵
s
‰ n↵

s

�

, (25)

where M
p
is the Mandel stress in the intermediate plastic configuration, s↵

s
and n↵

s
are the unit vectors along the slip direction and

the slip plane normal, respectively. The sum of all individual shear contributions on all slip systems defines the plastic velocity
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Fig. 8. Illustration of the principal axes of the RVE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

gradient, L
p
, as

L
p
=

24
…

i=1
Ü�↵
�

s↵
s
‰ n↵

s

�

. (26)

The elastic behavior is described by the generalized Hooke’s law subjected to cubic symmetry, hence three independent parameters
c
11
, c

12
and c

44
describes the elastic properties of the microstructure. The elastic properties were chosen with anisotropy according

to Hirth and Lothe (1982), but scaled to yield a homogenized Young’s modulus of 200 GPa.
To study the crack initiation from grain boundaries using the models depicted in Fig. 7, appropriate boundary conditions relevant

to the analysis are needed. However, applying displacement boundary conditions to achieve such a state in a finite deformation
elastic–plastic analysis poses a problem as the volumetric behavior will change when the plastic deformation starts to dominate
the solution. To overcome this issue, the RVEs are subjected to straining such that the macroscopic stress ratios over the RVE are
kept constant through nonlinear kinematic constraints. Moreover, the sides of the model are constrained to remain straight and
perpendicular during deformation. This is achieved through constraining the RVEs by a multi point constraint (MPC) in Abaqus.
The procedure for this type of constraint was introduced by Faleskog et al. (1998) since then the methodology has been successfully
applied in various formulations in several studies such as Kim et al. (2004), Barsoum and Faleskog (2007), Vadillo and Fernández-
Sáez (2009), Dæhli et al. (2016), Liu et al. (2016) and Dæhli et al. (2017). This methodology makes it possible to supply the
characteristics of the stress state in terms of the triaxiality parameter T and the Lode parameter L.

In order to estimate the crystal plastic model material parameters in Table 3, a model with T = 1_3 and L = *1 was utilized
and compared to uniaxial tensile test data (before necking). The von Mises effective stress and strain used for the comparison was
readily calculated from the macroscopic principal stresses and strain increments acting over the RVE as

⌃
e
=

1
˘

2

t

�

⌃
I
* ⌃

II

�2
+
�

⌃
II
* ⌃

III

�2
+
�

⌃
I
* ⌃

III

�2, (27)

Ep

e
=  

t

0

˘

2

3

t

� ÜEp

I
* ÜEp

II

�2
+
� ÜEp

II
* ÜEp

III

�2
+
� ÜEp

I
* ÜEp

III

�2dt, (28)

where the principal axes are illustrated in Fig. 8. The constitutive crystal plastic model parameters were tuned until the model
response was comparable to uniaxial tensile test data. The comparison between model response and tensile test data can be seen in
Fig. 9. All parameters used in DAMASK can be found in Table 3.

4.2. Grain boundary stress state and micro crack nucleation

This section is dedicated to the study of grain boundary failure and its connection to the weakest link model, i.e. mechanism B
in the model presented in Section 3. The simulations pertinent to the investigation of the grain boundary cracking were run with
boundary conditions enforcing T = {2.35, 2.2, 2.05, 1.9, 1.75} and L = *0.25. Early on in the investigation it was realized that
the stress triaxiality T had a significant influence on the grain boundary stress state while the Lode parameter L had a negligible
influence. Therefore, a range of stress triaxialities was chosen to enclose the values found in the analysis in Section 2.2 to be used
as boundary conditions in the analysis of the polycrystalline aggregates.
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Fig. 9. Comparison between homogenized ⌃
e
-Ep

e over the RVE and the experimental flow stress–strain relation as inferred from a tensile test.

Table 3
Model parameters used in crystal plasticity model.

Parameter Value Parameter Value

h
0
_MPa 2700.0 n 50.0

h↵� 1.4 a 15.0

s↵
0
_MPa 290.0 c

11
_GPa 184.0

s↵
ÿ
_MPa 1850.0 c

12
_GPa 107.0

Ü�
0
_s

*1 0.001 c
44
_GPa 93.0

The initiation of a micro crack from a grain boundary capable of participating in a brittle failure event has been analyzed through
assuming that the grain boundary strength can be associated to a surface energy, �

s
. The driving force to nucleate a micro crack

at a grain boundary facet is assumed to be governed by the Griffith criterion (Griffith, 1921; Anderson, 2005), which relates the
surface energy �

s
to a critical stress �

c
. Here, �

s
is viewed as an effective surface energy also including some plastic dissipation

representative of grain boundary separation. For practical purposes, the shape of the grain boundary crack will be in the form of
an internal elliptic crack, characterized by the grain boundary area A

GB
and its aspect ratio  = a_c, where a and c are the minor

and major axis respectively. This yields the following expression for the grain boundary strength,

�
c
=

`

r

r

r

p

2

⇠

1_

˘

 + 1.4641.15
⇡

E�
s

⇡
�

1 * ⌫2
�

a

s

s

s

q

1_2

0

⇡
A
GB

11_4

, (29)

where the stress intensity solution was taken from Newman and Raju (1981). The surface energy used to compute the critical stress
will be presented normalized according to Ñ� = �

s
_(E Ñd), where Ñd is the mean radius of the grains calculated from the volume by

assuming grains of spherical shape.
As detailed in Section 3, the relation between the incremental failure probability in a sub-volume of the structure and the physical

process resulting in brittle fracture is described through the function h, which itself is divided into two parts, h = h
1 ( Ñ"p)h2 ( Ñ�). The

first part is related to the number of micro cracks at a given level of plastic strain, which here will be formed on the basis of the
nucleation rate, being the key issue in this analysis. Thus in the post-processing of the grain structure models, the normal stress
component of the tractions, �

n
, between two grains is compared to the strength, �

c
, of that specific grain boundary to determine

whether failure has occurred. If failure occurs, then that specific grain boundary is added to the cumulative number of failed grain
boundaries not to be regarded in the subsequent load history. If failure does not occur, then it will be eligible for failure at a later
stage in the load history. The main drawback of such an analysis it that even though a boundary has failed it will continue to
carry load, as opposed to cohesive zone modeling where a load redistribution would occur at the moment of failure. However, it is
presumed that this type of analysis can be justified for the understanding of h as long as the number fraction of grain boundaries
considered to be critical is low. To achieve this, Ñ� = 3.5 � 10*5 was chosen and used throughout.

The fraction of critical grain boundaries, i.e. the accumulated number of grain boundaries that has exceeded the critical stress,
normalized by the total number of grain boundaries in the analysis for all the considered models can be seen in Fig. 10. It is clear that
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Fig. 10. The accumulated number fraction of critical grain boundaries in the models pertaining to (a) cv = 0.2, (b) cv = 0.4, (c) asp = 0.05, and (d) asp = 0.1.
Each line represents a solution where the stress triaxiality T belongs to the set {2.35, 2.2, 2.05, 1.9, 1.75}.

the fraction of critical grain boundaries appears to accumulate with the same characteristic in all models. That is, no critical grain
boundaries during initial elastic straining followed by a rapid increase which more or less stabilizes at increased plastic straining. The
overall accumulated number of critical grain boundaries is directly dependent to the surface energy Ñ�. However, the characteristic
of the accumulation of critical grain boundaries remains, to a large extent, the same for a reasonable range of Ñ�. The data plotted
in Fig. 10 is considered to be proportional to the h

1
-function of the weakest link model, i.e. the resulting g

1
-function would need

to be decreasing with respect to plastic strain. By choosing a form of g
1
that results in the following expression for h

1

h
1
= c  "p

1

"
0

�

1 + "p_"
0

�
d"p, (30)

a least square fit of c and "
0
with a resulting R2

= 0.99 or better is achieved for all levels of triaxiality. Indicating that
g
1
= c_

�

"
0

�

1 + "p_"
0

��

is a good candidate for the grain boundary failure mechanism. This functional form was chosen since a
logarithmic dependency between the accumulated number of critical grain boundaries and the plastic strain was observed from the
analysis. The parameter "

0
was introduced to avoid the singularity at zero and can be seen as a shape parameter for the logarithmic

behavior of g
1
, a smaller value will yield a sharper behavior and a larger value will yield a smoother behavior.

In Fig. 11 the average normal stress �
n
acting on each grain boundary in the equiaxed model is visualized, where the model

with cv = 0.4 has been used. The stress state is plotted at a global plastic strain "p = 0.005. In Fig. 11(a), �
n
is plotted against the

grain boundary misorientation ✓, calculated according to Randle (1993). In Fig. 11(b), �
n
is plotted against the polar angle between

the grain boundary normal and the normal of the global maximum principal stress acting over the RVE. Lastly, in Fig. 11(c), �
n

is plotted against the grain boundary area normalized with the mean grain boundary area. In Fig. 11(c), the Griffith criterion is
also illustrated where grain boundaries exceeding the critical stress are colored red as opposed to the non critical which are colored
black. This color coding applies to all subfigures. Clearly, the results in Fig. 11(b) shows that grain boundaries with a normal
aligning with the maximum principal stress appears to be more prone to failure. The results in Fig. 11(a) are not as clear, i.e. no
strong coupling between the failed grain boundaries and the grain boundary misorientation appears to be seen. The results for the
other models considered are similar to the results shown in Fig. 11, which is why they are not shown here.

At this juncture, it is of interest to find out how the crystal microstructure influences the local normal stress at the grain
boundaries in relation to the normal stress obtained from the global stress state corresponding to the grain boundary normal. This
is shown in Fig. 12 where the average normal stress at each grain boundary is normalized by the normal stress obtained from the
global stress state. This means, if the ratio �

n
_⌃

N
is unity, the grain boundary stress is fully controlled by the global stress state,

while any deviation from unity indicates an influence of the crystal microstructure. From this figure, it can be observed that the
ratio does not deviate much from unity in the vast majority of the grain boundaries in the model. If the variation around unity in
Fig. 12 can be neglected, an analytical model for grain boundary failure may suffice. Such a model will be developed next.

4.3. Analytical model for grain boundary crack nucleation

Consider a volume akin to the models in Section 4.2 subjected to a stress state defined by T ,L and �
e
. Then, the principal

stresses can be expressed as

�
I
= �

e

H

T +
3 * L

3

˘

L2 + 3

I

, (31)

�
II
= �

e

H

T +
2L

3

˘

L2 + 3

I

, (32)
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Fig. 11. Illustration of the grain boundary normal stress �
n
as a function of (a) grain boundary misorientation, (b) the polar angle in degrees from the maximum

principal stress direction, and (c) the grain boundary area normalized by the mean grain boundary area, here is also the Griffith criterion illustrated. Note the
color coding where red indicates a critical grain boundary and black indicates a non-critical grain boundary. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Histogram of the distribution of the grain boundary stress normalized by the global stress (over RVE) projected on the grain boundary normal. In
perfect isotropy, all bars would align at unity. The standard deviation of the datasets is �

GB
= {0.087, 0.097, 0.087, 0.084}, respectively for cv = 0.2, cv = 0.4,

asp = 0.05 and asp = 0.1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

�
III

= �
e

H

T *
3 + L

3

˘

L2 + 3

I

. (33)

The effective stress �
e
is specified as a flow strength relation on the form �

e
= �

ref

�

"p_"
ref

�m where the plastic strain "p is used
as a loading parameter. The parameters were estimated to yield an as-similar response as the crystal model as possible. The grain
boundary areas are randomly drawn from a log-normal distribution (to emulate the same distribution as in the crystal models) and
the normals are taken as uniformly distributed over the unit sphere. The critical stress of each grain boundary is calculated in the
same manner as in the crystal models and the post processing regarding the accumulation of critical grain boundaries occurs in the
same way.

Considering a case with 5000 grain boundaries and distribution parameters for the area distribution corresponding to the crystal
models, the outcome seen in Fig. 13 results, which is compared to the outcome of the crystal models. It can be clearly seen that
the results from the crystal model is reproduced by the analytical model. By using the analytical model to investigate a wider range
of stress triaxialites the results in Fig. 14 are obtained. Interestingly, a threshold in the triaxiality below which no critical grain
boundaries can be found appears to emerge. By inferring a g

1
-function from these results, the following expression can be used to
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Fig. 13. Comparison of the accumulated number fraction of critical grain boundaries between analytical model and the crystal models pertaining to (a) cv = 0.2,
(b) cv = 0.4, (c) asp = 0.05, and (d) asp = 0.1. Each line represents a solution where the stress triaxiality T belongs to the set {2.35, 2.2, 2.05, 1.9, 1.75}. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. The accumulated number fraction of critical grain boundaries calculated by the analytical model with the purpose of exploring the influence of the
stress triaxiality. Note the threshold effect in the lower end of the triaxiality axis.

reproduce the behavior with a R2
= 0.996

h
1
=

h

n

l

n

j

c î"p (T*Tth)
2

"0(1+"p_"0)
d"p for T > T

th
,

0 for T Õ T
th
.

(34)

5. Application of probabilistic model to experiments

From the micro mechanical investigation in Section 4, two candidates for the g
1
-function could be inferred for the grain boundary

mechanism in the weakest link framework detailed in Section 3. This section presents the estimation of parameters and application
to experiments of the micro mechanically informed weakest link model for multiple mechanism brittle fracture. The estimation of
parameters was carried out by minimizing the residual R = R

I
+ R

II
using the Nelder–Mead simplex algorithm (Nelder and Mead,

1965), where superscript I and II relates to the high and low constraint experiments used in the estimation of model parameters.
The partial residuals R

I
and R

II
were computed as

R
I
=

NI
…

i=1
[P i

rank
* P

f

�

J i
c

�

]
2, R

II
=

NII
…

i=1
[P i

rank
* P

f

�

J i
c

�

]
2. (35)

For details regarding the calculations pertinent to the weakest link model, the reader is referred to Faleskog et al. (2004), Kroon
et al. (2008) and Boåsen et al. (2019).

The length scales used to compute the non-local stress in (18) needs to be properly resolved over the mesh used in the FE-models.
With the models used for the weakest link calculations, the length scales reaches over Ì5 elements per element along the axis of
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Fig. 15. Comparison of the predicted failure probability with rank probabilities for the fracture tests (circles) of the reference material R3RPVH data set tested
at a temperature of *90 ˝

C. (a) subset where a_W = 0.5 and W = 30 mm, (b) subset where a_W = 0.1 and W = 30 mm, and (c) subset where a_W = 0.5 and
W = 14 mm. Subsets (a) and (b) were used for parameter estimation, subset (c) were used as validation of model predictions.

Table 4
Model parameters used in the weakest link model. (a) Single mechanism model for R3RPVH. (b) Multiple
mechanism model for R4PRZ.

Parameter Value Parameter Value Parameter Value

(a) c_V
0

1012_m3
75.995 �

th
_MPa 2019.5 L_�m 50.0

(b) cA_V
0

1012_m3
4.9254 �A

th
_MPa 1921.6 L_�m 50.0

�B

th
_MPa 1008.9 L_�m 50.0

(36a) cB_V
0

106_m3
6.1724 "

0
_10

*8 1.1

(36b) cB_V
0

106_m3
50.608 "

0
_10

*8 1.1 T
th

0.808

crack propagation in the fine mesh region. The length scales used can be found in Table 4 and an overview of the models used can
be seen in Fig. 2.

Concerning the material used as a reference in this study, R3RPVH, the fracture toughness distribution appears to be unimodal.
Also, the cleavage initiation mechanism in the reference material was traced back to second phase particles. Therefore, a single
mechanism weakest link framework has been applied to the fracture tests of R3RPVH, i.e. a single, constant g

1
-function was used

as g
1
= c. The outcome of the parameter estimation and application of the model to the reference material, R3RPVH, can be seen

in Fig. 15. It is clearly seen that a single mechanism weakest link framework including the effect of potential void formation, is
capable of describing the fracture toughness distribution for the cases considered.

Regarding the aged material, R4PRZ, where two initiation mechanisms are able to initiate brittle fracture, i.e. grain boundaries
and second phase particles, the multiple mechanism weakest link framework needs to be used. For the transgranular mechanism a
constant gA

1
= cA was used just as for the reference material. Concerning the choice of g

1
for the grain boundary mechanism, the

following two candidates have been found in Section 4 to describe the rate of critical grain boundaries per plastic strain

g
1
= c 1

"
0

�

1 + "p_"
0

�
, (36a)

g
1
=

h

n

l

n

j

c (T*Tth)
2

"0(1+"p_"0)
for T > T

th
,

0 for T Õ T
th
.

(36b)

Here Eq. (36a) only depends on plastic strain and has two parameters to describe the rate of micro crack nucleation. Eq. (36b)
depends of both plastic strain and the stress triaxiality and has three parameters, where two are the same as the previous case and
the third is a threshold parameter in the stress triaxiality T

th
. The importance of resolving the integral for the hazard function in

(16) throughout the loading history should be noted. Especially for the grain boundary mechanism, even with 500 load steps in the
FE-models, additional steps had to be added by linear interpolation of the pertinent fields before convergence was reached in the
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Fig. 16. Comparison of the predicted failure probability with rank probabilities for the fracture tests (circles) of the thermally aged R4PRZ data set tested at
a temperature of *50 ˝

C. (a) subset where a_W = 0.5 and W = 30 mm, (b) subset where a_W = 0.1 and W = 30 mm, and (c) subset where a_W = 0.5 and
W = 14 mm. Subsets (a) and (b) were used for parameter estimation, subset (c) were used as validation of model predictions. Note, in (b) figure inset shows
steep initial region of model prediction.

weakest link predictions. By considering both Eq. (36a) and (36b) the parameters pertinent to the weakest link model for multiple
mechanisms can be estimated. The parameters of the model can be found in Table 4, note the normalization of the parameter c
in Eq. (36a) and (36b). Interestingly, parameter estimates comes out the same with the exception of the parameter c in Eq. (36a)
and (36b). It was found that the prediction of the fracture toughness distribution appears to be rather insensitive to the choice of
g
1
with respect to the proposed functions in this study. The model predictions are shown together with the experimental fracture

test results in Fig. 16, where (36a) was used. In Fig. 17 the model predictions together with the underlying mechanisms are
illustrated, where each mechanism is calculated as if being the sole mechanism, i.e. by a single mechanism weakest link expression.
It appears that the microstructurally informed weakest link model with multiple mechanisms for brittle fracture is able to describe
the bimodal toughness distribution of the thermally aged material with a remarkable accuracy. Fig. 18 shows model predictions for
SEN(B)-specimens with different sizes to illustrate the effect of size on the outcome of the model. It is clear that the intergranular
fracture mechanism is subject to a distinct size effect where it may be suppressed in its entirety if the specimen size is small enough.
On the other hand, if the specimen size is increased, the intergranular mechanism becomes more likely and will dominate given a
large enough geometry.

6. Discussion and concluding remarks

The study presented in this paper is pertinent to modeling brittle failure of ferritic steels with multiple failure mechanisms.
More specifically, aged low alloy steels in the case where the ageing introduces a second mechanism of brittle failure that alters
the fracture toughness distribution from being unimodal to bimodal. In this paper it is shown how a multiple mechanism weakest
link framework can be constructed to account for both intergranular and transgranular fracture. The mechanism for grain boundary
controlled fracture has been inferred from crystal plastic simulations, which when introduced into the weakest link model, has been
shown to be able to reproduce the fracture toughness distribution with a remarkable accuracy.

Regarding the crystal plastic models presented in Section 4, the modeling effort was carried out in order to motivate the choice
of the g

1
-function that governs the nucleation behavior of grain boundary micro cracks in the weakest link model. This was carried

out by investigation of the grain boundary stress state which has been compared to a Griffith criterion for the critical stress. Another
modeling approach for similar problems is using a cohesive zone methodology for the grain boundaries. This makes it possible to
account for the local unloading due to the opening of a grain boundary crack, and its subsequent propagation in connecting grain
boundaries. It was judged that such a sophisticated model would be overreaching for the cases in this study, on one hand, the
investigation of the propagation would complicate the separation of nucleation and propagation. On another hand, the goal was to
investigate the accumulation of grain boundaries that would be prone to nucleate micro cracks as function of the overall stress and
strain state, where simplicity in the modeling effort was sought after. The Griffith criterion is normally used in analysis of crack
propagation. Here it is regarded to represent the first barrier that needs to be overcome in the process that triggers the formation of a
macroscopic brittle fracture, i.e. nucleation. It is here deemed that the transition from a micro crack to a self-sustaining macroscopic
brittle crack is subject to dissipation on a higher level than that related to the nucleation of the micro crack itself.

From the results of accumulated number fraction of critical grain boundaries, the characteristic of the accumulation as function
of plastic strain is the key result that is used in the choice of the g

1
-function. The fact that all models appear to yield the same
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Fig. 17. Comparison of the predicted failure probability with rank probabilities for the fracture tests (circles) of the thermally aged R4PRZ data set tested at a
temperature of *50 ˝

C. Shown here is also the individual mechanisms calculated as if being single mechanism predictions. Note that the individual mechanisms
as illustrated here does not sum up to the actual multi mechanism prediction since they are computed as single mechanism predictions and are for illustration
purposes only. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 18. Model predictions showcasing the size effect of the multiple mechanism weakest link model. Note that the intergranular mechanism is suppressed for
the smaller geometry, and vice versa for the larger geometry. (a) Large specimen, W = 50 mm, (b) medium sized specimen, W = 25 mm, (c) small specimen,
W = 12 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

characteristic stems from that the global stress state dictates the local grain boundary stress state, and also from the distribution of
the grain boundary areas. Both act to make it possible to construct the analytical model presented in Section 4.3. The analytical
model permits the investigation of a wider range of stress states, as the crystal models are very computational intensive and yields
only one stress state per simulation.

In Section 2.2 of this paper, the modeling of fracture toughness tests using FE-models and a porous plastic constitutive model
is presented. Even though by calibrating the model parameters at the higher temperature ductile tests at 75 ˝

C, the model is able to
predict the crack growth preceding the brittle fracture in the data sets at the temperatures *50

˝
C and *90

˝
C with satisfactory

accuracy. Indicating that the model parameters of the porous plastic model is quite insensitive to temperature in this range.
Regarding the void contribution from the strain controlled nucleation, which also controls the interplay between the ductile and
brittle fracture in this framework, it is assumed to include the contribution from both mechanisms capable of participating in the
brittle failure event. Second phase particles may either form a void due to particle cracking and subsequent crack arrest or by particle
debonding and the grain boundaries may also form a void by cracking followed by crack arrest. This is why the void mechanism
acts on both mechanisms in the final expression for the failure probability in Eq. (21). The parameter f

N
could likely be divided in
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two parts, one for the contribution of second phase particles and one for grain boundaries. However, as these contributions would
be small and close to inaccessible through physical measurements on the microstructure, it is deemed unnecessary and impractical
to make such a division.

The reference material appears to be well described by a single mechanism weakest link framework, with the inclusion of the
effect of the ductile mechanism. One key feature in the weakest link model developed by Kroon and Faleskog (2002) is the non-local
stress, which is intended to account for the barriers that must be overcome by a microcrack (e.g. grain boundaries) before it develops
into a self-sustaining macroscopic brittle fracture. In the estimation of parameters for the reference material and the aged material,
the length scale that is used in the non-local integration is the same for both materials. Something which appears reasonable since
the reference material should describe the aged material in an as manufactured state, having more or less the same microstructure
and thereby barriers to propagation.

The weakest link model describes the fracture toughness distribution with a remarkable accuracy and is well fitted to two data sets
used for parameter estimation. The fact that close to equal toughness predictions can be obtained with both g

1
-functions presented

in (36a) and (36b) is most likely due to that the range in stress triaxiality T is too narrow in the experiments presented here. This
also indicates that solely relying on fracture test for calibrating the triaxiality threshold T

th
might not he reliable. To elucidate the

effect of the stress triaxiality more clearly, experiments with specimen sets pertaining to more distinct differences in T are deemed
necessary. Thus for the predictions on fracture tests as presented here, the function g

1
= c_

�

"
0

�

1 + "p_"
0

��

is deemed sufficient in
order to reduce the parameter space.

An interesting feature that emerges from the model is a significant size effect on the grain boundary mechanism such that the
grain boundary mechanism could be suppressed in its entirety. This comes out in such a way that larger specimens will be more
prone to result in grain boundary failure while smaller specimens might be close to or entirely without the mechanism. As is the case
in this study, the grain boundary mechanism is more brittle than the particle mechanism, which indicates that fracture toughness
testing on small specimens might be non-conservative, as the most brittle fracture mode might be obscured by the test method.
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