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Abstract

An interactive 2-D hydrogen diffusion finiteftérence computer model was used to compare
compare experimental delayed cracking time forirepalds with model predictions. Two repair
simulations with widely differing hydrogen diffusion distances were evaluated. The shorter
diffusion distance gave shorter delay time to reach peak hydrogen concentration at the critical
cracking site compared with the larger diffusion distance. The complimentary experimental
results demonstrated this.

The model was also used to simulate hydnogiéusion experiments performed on standard
specimens to determine diffusivity. Further use of the model was to derive a “critical hydrogen
curve” for the single pass weld made from E11018 electrode on HY-80 base metal. Results from
delayed cracking tests on the tempered wedthl displayed lower hydrogen sensitivity.

Finally, the next steps for way-ahead on gethcracking are outlined in the recommendations.

Résumé

On a utilisé un modéle informatique 2D interadtfla diffusion de I'hydrogéne, basé sur la

méthode des différences finies, pour comparer les valeurs expérimentales du temps de fissuration
différée de soudures de réparation et les valptévues par le modéle. On a évalué deux
simulations de cas de réparation pour lesqesislistances de diffusion de I’hydrogéne étaient

trés différentes. La comparaison des résultatigjue que la plus petite des distances de diffusion

a entrainé un délai plus court avant I'atteintédadeoncentration maximale d’hydrogéne au site de
fissuration critique. Les résultats des essais complémentaires ont aussi démontré ce fait.

On a aussi employé le modéle pour simuler dessdsaiiffusion de I'hydrogéne réalisés sur des
échantillons de référence afin de déterminer la siiffté. De plus, le modele a servi a élaborer

une « courbe de concentration critique d’hy@mg » pour la soudure en une passe réalisée avec

une électrode E11018 sur le métal de base HY-80. Les résultats des essais de fisssuration différée
effectués sur le métal fondu revenu réléwagre celui-ci est moins sensible a I'hydrogéne.

Finalement, les recommandations indiquent la nature des prochaines étapes de la recherche en
fissuration différée.
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Executive summary

Introduction

Hydrogen cracking is an insidious form of dedd cracking which occurs at some time after

welds are complete. It has affected Oberon submarines and very modern submarines, notably the
Seawolf. The wait time before inspection for fogkn cracking is a key step in assuring that this
type of cracking has not occurred. Different nations and standardization bodies give different
instructions about how long this delay time shidog, with values from one to seven days. This
report describes computer modeling and laborag@periments in which the delay time before
cracking of HY-80 weldments made under various conditions was assessed.

Signficance of Results

The results provide information useful for dymment/interpretation of standards and also for
engineering decisions about non-standard casesxénple, the circumferential cut and reweld
of a submarine to accept a lengthening plug. rékalts show delay times before cracking of up
to 36 hours in HY-80 weldments. This is under conditions of hydrogen content and stress
expected to be much more severe than in aetelling practice — leading to shorter delay times
before the initiation of cracking in the experimental case. Current practice for pressure hull
welding is a three day wait time before ingpmt, but British Standards suggest a wait of 24
hours is adequate. These results support current practice.

Principal Results

An interactive 2-D hydrogen diffusion finiteftBrence computer model was used to compare
experimental delayed cracking time for repair welds with model predictions. Two repair
simulations with widely differing hydrogen diffusion distances were evaluated. The shorter
diffusion distance gave shorter delay time to reach peak hydrogen concentration at the critical
cracking site compared with the larger diffustbstance. The model predictions which agreed

with the experimental results also demonstrétéezl The model was also used to simulate
hydrogen effusion experiments performed omdégaid specimens to determine diffusivity.

Further use of the model was to derive a “critical hydrogen curve” for the single pass weld made
from E11018 electrode on HY 80 base metal. Results from delayed cracking tests on the
tempered weld metal displayed lower hydrogen sensitivity.

Future and Related Work

A previous study on this topic dealt with an ASTM-A517 grade F weldm&mREA Technical
Communication provided information on the scieatifasis for standards and a description of
hydrogen cracking.A TTCP study on hydrogen management in welding was completed in 1998
% Work, supported by a consortium of pipeline companies, is ongoing to incorporate applied
stress effects into the model usedhis work. It is expected &8t measurements of heat affected
zone behaviour will also be made.
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Sommaire

Introduction

La fissuration par I'hydrogene est une forme insidieuse de fissuration différée qui se produit un
certain temps aprés la formation des soudures.sous-marins de classe Oberon, et méme des
sous-marins trés récents, particulierement le Seawmifsubi les effets de ce type de fissuration.
Le temps d'attente avant l'inspection pour détdatprésence de fissuration par I'hydrogéne est
un élément clé des mesures prises pour prévenir sa formation. Les instructions relatives a la
durée de ce temps d'attente varient grandement. En effect, selon le pays et I'organisme de
normalisation, le délai se situe entre un et sepsjolie présent rapport contient la description de
la modélisation informatique et des essais de &Eboe qui ont permis d'évaluer le délai avant
l'apparition de la fissuration dans des soedlY-80 exécutées dans différentes conditions.

Importance des résultats

Les résultats fournissent de renseignements utllégboration et a l'interprétation des normses,
ainsi qu'aux prises de décision de nature teglmdans des cas non standard, par exemple celui

de l'installation d'un tonconallongement dans un sous-maidvec découpage et ressoudage
ciconférentiels. Les résultats, dans le s sbudures HY-80, démontrent que les délais de
fissuration peuvent atteindre 36 heuresfalft toutefois préciser que les conditions

expérimentales prévues, soit la concentrationddigene et les contraintes subies, sont beaucoup
plus rigoureuses que celles associées aux practiques de soudage réelles. Ces conditions entrainent
donc, pour les cas expérimentaux, des délais plugsavant I'apparition de la fissuration. La
practique actuelle, en matiére de soudage de coque épaisse, recommande un temps d'attente de
trois jours, alors que les normes britanniques seggéu'un délai de 24 heures est suffisant. Les
présents résultats confirment la pertinence de la practique actuelle.

Principaux résultats

On a utilisé un modéle informatique 2D interadéfla diffusion de I'nydrogéne, basé sure la
méthode des différences finies, pour comparer les valeurs expérimentales du temps de fissiuration
différée de soudures de réparation et les valptévues par le modéle. On a évalué deux
simulations de cas de réparation pour lesqeslslistance de diffusion de I'hydrogéne étaient trés
différentes. La comparaison des résultats indique que la plus petite des distances de diffusion a
entrainé un délai plus court avant l'atteinte delacentration maximale d'hydrogene au site de
fissuration critique. Les prévisions du modele,@pricordaient avec les résultats des essais,
démontraient aussi ce fait. On a aussi employé le modeéle pour simuler des essais de diffusion de
I'hydrogene réalisés sur des échantillons afin deraéner la diffusivité. De plus, le modéle a

servi a élaborer une « courbe de concéiotiaritique d’hydrogene » pour la soudure en une

passe réalisée avec une électrode E11018 sur lédedtase HY-80. Les résultats des essais de
fissuration différée effectués sur le métal fondeerai révélent que celui-ci est moins sensible a
I'nydrogene.
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Futurs travaux connexes

Une étude antérieure portant sur ce sujedtait du cas d'une soudute qualité F, selon la

norme ASTM-A517. Une publication technique de CRDA contient des renseignements sur les
données scientifique de base relatives aux normes et aux étalons, ainsi qu'une description de la
fissuration (par hydrogéne / due & la diffusion d'hydrodeérigye étude PCT portant sur la

gestion de I'hydrogéne dans les actiwitié soudage a été complétée en 19B@s travaux sont
présentement en cours, avec I'appui d'un congodiantreprises de pipelines, afin d'incorporer

au modele des présents travaux les effets dentainte appliquée. On prévoit aussi effectuer

des mesures du comportement de la zone thermiquement affectée.

!L.N. Pussagola, B.A. Graville et L. Malik, «Delayed Crackin Naval Structural Steets DREA CR/97/420. Centre

de recherches pour la défenstlantique, Halifax, (N.-E), 1997
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Abstract

The interactive 2-D hydrogen diffusion finite difference computer model was used to compare
experimental delayed cracking time for repair welds with model predictions. Two repair
simulations with widely differing hydrogen diffusion distances were evaluated. The shorter
diffusion distance gave shorter delay time to reach peak hydrogen concentration at the critical
cracking site compared with the larger diffusion distance. The complimentary experimental results
demonstrated this.

The model was also used to simulate hydrogen effusion experiments performed on standard
specimens to determine diffusivity. Further use of the model was to derive a “critical hydrogen
curve” for the single pass weld made from E11018 electrode on HY 80 base metal. Results from
delayed cracking tests on the tempered weld metal displayed lower hydrogen sensitivity.

Finally, the next steps for way-ahead on delayed cracking are outlined in the recommendations.
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L. BACKGROUND

In a previous project initiated by Defense Research Establishment Atlantic [1], the potential of a
simple 2-D hydrogen diffusion model to predict delay times for cold cracking in the HAZ was
demonstrated. The agreement between the predicted time for delayed cracking in the heat
affected zone caused by a simulated weld repair in an A517 Gr F steel agreed very well with
experimentally determined delay times to reach peak hydrogen level in constant deflection tests.
The model, after appropriate calibration and validation, could therefore be of great value in
countering the incidence of delayed cracking in original and repair welding of high strength
steels of interest (A 517, HY 80 and HY 100) to the Canadian Navy.

The range of delayed cracking times observed in the field is related to factors such as weld
geometry, the welding or repair procedure, pre-heat, inter-pass temperature. In the pipeline
industry field repair is carried out using cellulose-coated electrodes that results in increased
potential for cracking from the higher hydrogen content in the fused metal. Programs focused on
high strength (X70 and X80 grade) steels have shown the important effects of weld repair
geometry, and temperature on the maximum times for cracking [2]. This work has led to further
development in the modeling phase of the effort so that a risk to cracking approach can be
formulated[3]. Standard provide guidelines on NDE inspection times to allow for detecting
delayed cracking times, for example, AWS D1.1 (Structural Welding Code) recommends a time
of 48 hours.

Notwithstanding the very encouraging results in the above investigation on A517 steel, it was
noted that the hydrogen diffusion distance to the critical location (root of the V-notch of a 3-
point bend bar) and therefore the delayed cracking times were relatively short. Further, there was
some uncertainty vis-a-vis the rate at which hydrogen diffuses out of the weld zone in the low
temperature regime. While the diffusion coefficient - temperature relationship in the previous
project was selected after a careful review of the data in literature, it needs to be recognized that
small discrepancies between the selected and actual diffusivities can lead to significant errors in
predicted delay times when the diffusion distances are larger. The delay times for cracking due
to hydrogen migration to critical locations are of significant practical importance in selecting
appropriate inspection times after welding. Inspection needs to be carried out after the local
hydrogen level at the critical location, and therefore the risk of delayed cracking are past their
peak.

Secondly, in terms of practical instances of cold cracking, it has been learned that during
shielded metal arc welding of A517 Gr F steel [2], delayed cracking manifested itself more
frequently as transverse weld metal cracking. Similarly, the previous widely reported instance of
delayed cracking also involved transverse weld metal cracking, this time during the gas metal arc
welding of HY 100 steel in the fabrication of U.S. submarine Sea Wolf[5]. Transverse weld
metal cracking was reported in Collins Class submarines [6]. The latter base metal, BIS 812
EMA, has a nominal yield strength of 690 MPa.

Delayed Cracking in Submarine Steel Weldments 1
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2. OBJECTIVE OF THE PRESENT STUDY

Prevention and timely detection of delayed cracking in high strength naval structural steels is of
considerable importance in maintaining the structural integrity and operational availability of
naval vessels. The 2-D hydrogen diffusion model can be a very effective tool in this regard in
the context of delayed cracking. Therefore, in light of the background presented in previous
section and in order to advance the applicability of the model, the objectives set for the proposed
investigation were to:

e obtain a more reliable estimate of the hydrogen diffusivity in the welds of interest;
e demonstrate the effectiveness of the hydrogen diffusion model over a larger range of delay
cracking times.

3. APPROACH

The materials chosen for investigation in this study were 12 mm thick HY 80 steel and 3.2 mm
diameter, E11018 (E76018) SMAW electrodes made by Air Liquide. The HY 80 plate was
supplied by DREA, and its chemical composition was 0.17C, 0.20Si, 0.34Mn, 1.49Cr, 2.72Ni,
0.30Mo, 0.009Ti, 0.005V, <0.005P, <0.005S (in wt%). The nominal composition of the
electrode is 0.10C, 0.60Si, 1.3 — 1.8Mn, 0.40Cr, 1.25 - 2.5Ni, 0.25 — 0.5Mo, 0.05V, 0.03P,
<0.03S

While welds made in HY 80 steel using E11018 electrodes are certainly subject to delayed
cracking, it would normally happen only when a conventional, qualified welding procedure is
not properly implemented in one or more respects. In order, therefore, to obtain delayed
cracking in the laboratory tests, the welding procedure simulated weld repairs and the welding
electrodes were subjected to a humidifying treatment to elevate the weld metal hydrogen content
and thus make delayed cracking most likely in Laboratory tests. Delayed cracking in the
reheated weld metal was the focus of the current work, whereas the previous work [1] was done
on cracking in the re-heated HAZ.

4. HYDROGEN DIFFUSION EXPERIMENTS AND DETEMINATION OF
DIFFUSIVITY IN THE WELDMENTS OF INTEREST

This part of the work was carried out in two stages, and differed as given below.

1. Initially, the AWS procedure for determination of diffusible hydrogen content [7] was
adopted. This is a standard procedure used to determine the diffusible hydrogen (of coated
electrodes) evolved at 45°C. The method was adopted for two purposes; (a) for
determining the hydrogen content in welds made from humidified electrodes using the
standard procedure, and (b) determine hydrogen diffusivity at room temperature and at
70°C. For the latter work, AWS standard weld bead-on-plate specimens were aged, at the
above temperatures for various times and the remaining hydrogen collected at 45°C using
the AWS method. The analysis of the data gave a large spread of diffusivity values and the
possible sources of error are presented in Appendix A.

Delayed Cracking in Submarine Steel Weldments 2
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ii. To address some of these issues, in the second approach, hydrogen released was collected
over Hg as in the standard procedure, except the bath temperature was maintained at 22°C
(at room temperature). The rate of release of hydrogen was monitored for up to 216 hours
after which there was literally negligible diffusible hydrogen (at 22°C) remaining in the
specimen. Some of the test samples were machined from HY 80 steel, whereas the AWS
procedure calls for mild steel.

The total hydrogen evolved at 45°C for the humidified electrodes was about 11 ml/100 g and was
lower than in the previous work.[1] In the previous work the experimental data ranged from 12
to 14 ml/100 g. The data from the hydrogen diffusion experiments in case (ii), are presented in
Figure 4.1, and follow the expected exponential decay trend of the Fickian diffusion expression
given below.

H = H,exp[-/ADt] 4.1)
where H, in the initial hydrogen content, D is diffusivity and P is a geometric constant
determined by the shape and size of the specimen.

D_exp —1;50I
D = 4.2)
3488
1+0.001228V, exp |——

The diffusivity equation (4.2) is due to Oriani [4] and includes the trap (void) density (V). D, is
the lattice diffusivity set at 0.076 mm™ s, and T is the absolute temperature.

0.9 1 —-o-Test 1
-%-Test 2

0.8 ——Test3
-4 Test 4

0.7 4

0.6 -

Relative Hydrogen Content

0 50 100 150 200 250
Diffusion Time, hrs

Figure 4.1: Hydrogen content vs. time for four AWS specimens deposited with
humidified E11018 electrodes. Tests 1,2, and 3 used HY 80 steel and the base metal for 4
used mild steel.

Delayed Cracking in Submarine Steel Weldments 3
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Figure 4.2 shows the weld bead shape in two specimens, and these were used for modeling the
hydrogen diffusion in the standard AWS specimen. Figure 4.3 displays the finite difference
model predictions, using expressions (4.1) and (4.2), and an element size of 0.5 mm, for three of
the cross-sections. The results show that the typical variation in the shape of the weld bead does
not have a significant impact on the hydrogen evolution from the specimen.

U ]
50  60 ?0 80
Hl}!lHlllHMHHIII!!HHHII mnnnlummmmmuhnnm

Specimen 1-1

HWHFHWfWI} ]in
60 70 80 9(
WMWMWWMWWMMMMm

Specimen 2-2
Figure 4.2: Cross-sections from two AWS specimens.

——
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0.9 - -=-N 1 Vd=0.1
0.8 1 s N2 Vd=0.1
0.7 - ~~N 4 Vd=0.1
0.6 -

Relative Hydrogen Content

0] 50 100 150 200
Diffusion Time, hrs

Figure 4.3: Diffusion data from model predictions for three weld profiles.
(V4= 0.1 for the cases presented).

Figure 4.4 displays the experimental diffusion data plotted to represent expression (4.1). After
initial transients, the data displays a linear trend, for the three HY 80 welds, and in this way, it is
an improvement compared to experiments conducted in stage (i) and analyzed in Appendix B.
The diffusivity was calculated from the slope as described in Appendix B. Although there is a
reduction in the spread, there is still a wide range of diffusivities (13 x 107 to 7 x 107 mm~s™),
comparable to the range of D values obtained from trap densities of 0.06 to 0.11 respectively,
with the Oriani expression (4.2).
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This page intentionally left blank.










































This page intentionally left blank.



Distribution list

DREA DOCUMENT DISTRIBUTION LIST

Document No.: DRDC ATLANTIC CR 2001-075

LIST PART 1: CONTROLLED BY DREA LIBRARY

2 DREA LIBRARY FILE COPIES

3 DREALIBRARY (SPARES)

10 SCIENTIFICAUTHORITY

10 OPERATING ASSIGNMENT PARTICIPANT (distributed by C. Hyatt)
1 AUTHOR

26 TOTAL LIST PART 1

LIST PART 2: DISTRIBUTED BY DRDKIM 3

National Defence Headquarters
MGen G.R. Pearkes Bldg

101 Colonel By Drive

Ottawa, ON K1A 0K2

DRDKIM 3

DMSS-2

IN =

Fleet Maintenance Facility

Cape Scott

PO Box 99000 Stn Forces

Halifax, NS B3K 5X5

WELDING ENGINEERFMF CAPESCOTT

=

Fleet Maintenance Facility

Cape Breton

PO Box 17000 Stn Forces

Victoria, BC V9A 7N2

WELDING ENGINEERFMF CAPEBRETON

=

5 TOTAL LIST PART 2

31 TOTAL COPIES REQUIRED



This page intentionally left blank.



UNCLASSIFIED

Security Classification of Form
(highest classification of Title, Abstract, Keywords)

DOCUMENT CONTROL DATA
(Security classification of title, body of abstract and indexingotation must be entered when the overall document isfigld$si

1. ORIGINATOR (The name and address of the organization preparing the document. |2. SECURITY CLASSIFICATION

Organizations for whom the document was prepared, e.g. Centre sponsoring a (Overall security classification of the document
contractor's report, or taskingeawy, are entered in section 8.) including special warning terms if applicable.)
Fleet Technology Limited UNCLASSIFIED

311 Legget Drive
Kanata, Ontario K2K 1Z8

3. TITLE (The complete document title as indicated on the title page. Its classification should bednljcgite appropriate abbretim (S, C or U)
in parentheses after the title.)

Delayed Cracking in Submarine Steel Weldments

4.  AUTHORS (last name, followed by initials — ranks, titles, etc. not to be used)

Dr. L.N. Pussegoda

5. DATE OF PUBLICATION 6a. NO. OF PAGES 6b. NO. OF REES
(Month and year of publication of document.) (Total containing information, (Total cited in document.)
including Annexes, Appendices$,
etc.)
July 2001 74 12

7. DESCRIPTIVE NOTES (The category of the document, e.g. technical report, technical note or memorandum. If appropriate, tgpeeotheport,
e.g. interim, progress, summary, annualinal. Give the inclusive dates when a specific reporting period is covered.)

Contractor Report

8. SPONSORING ACTIVITY (The name of the department project office or laboratory sponsoring the research and development — include address.)

Defence Research Establishment Atlantic
P.O. Box 1012
Dartmouth, NS B2Y 377

9a. PROJECT OR GRANT NO. (If appropriate, the applicable research |9b. CONTRACT NO. (If appropriate, the applicable number under
and development project or grant number under which the documen which the document was written.)

was written. Please specify whether project or grant.)
W7707-8-6070/A

Project 1gh

10a. ORIGINATOR'S DOCUMENT NUMBER (The official document 10b. OTHER DOCUMENT NO(s). (Any other numbers which may be
number by which the document is identified by the originating assigned this document either by the originator or by the sponsor.
activity. This number must be unique to this document.)

DREA CR 2001-075

11. DOCUMENT AVAILABILITY (Any limitations on further dissemination of the document, other than those imposed by stassification.)

(X)) Unlimited Distribution

() Defence departments and defence contractors; further distribution only as approved

() Defence departments and Canadian defence contractors; further distribution only as approved
() Government departments; further distribution only as approved

() Other (please specify)

12. DOCUMENT ANNOUNCEMENT (Any limitation to the bibliographic announcement of this document. This will normally correspéral to
Document Availability (11). However, where further distributioaynd the audience specified in (11) is possible, a widenswement
audience may be selected.))

No

UNCLASSIFIED
Security Classification of Form

DCDO3 2/06/87-M/ DREA mod. 17 Dec 1997






This page intentionally left blank.






