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.| Goals of Presentation

* Provide briet overview ot why we use Elastic-Plastic Fracture Testing
* Describe what types of Coupons we commonly test
* Show overview of fracture test methodology

* Show examples of similitude in J;; values calculated from different
geometries

* Summarize fracture resistance values measured in H,



.1 Fracture Toughness vs Fracture Resistance

Fracture toughness — a quantitative way of expressing a

material’s resistance to fracture when a crack 1s present. &

° K¢ 1s plane-strain fracture toughness in mode I loading which is D
a material property (like yield strength), meaning it 1s independent | :
ot size of the sample \:/

> Achieved when size requirements are met

i

Fracture Resistance (Kj;;y) in hydrogen — 1s terminology that %E 120 e X 40150 Gase romaied
we often use to describe(i a material’s resistance to fracture in H, & 1o} s
- N ~ xeoF
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Material constraints necessitate a variety of coupon geometries
+1 to characterize fracture behavior (e.g. welds, HAZ
GTAW EBW r
3-point bend Arc specimen

200X 500 um

50X "1000 pm



Linear Elastic Fracture Mechanics (LEFM) or Elastic-
*" Plastic Fracture Mechanics (EPFM)
Assumptions for LEFM:

= Valid only when the size of plastic zone is small compared to size of
crack (small-scale yielding)

' p

Linear

Elastic
= To ensure small-scale yielding, very strict dimensional requirements are

necessary

Typically need to have a fairly brittle material (low K;-) or a very large
specimen 1n order to satisfy LEFM

- Ceramics K;- ~ 1 MPa m!/? (LEFM)

- Aluminum K;c ~ 20-30 MPa m'/? (LEFM or EPFM)

- Ferritic Steels K- > 50 MPa m'/? (LEFM or EPFM)

- Austenitic Stainless Steel K- > 200 - 600 MPa m!/? (EPFM)

Elastic-
Plastic

We typically do not use LEFM when analyzing test data
frOm mater]alS used for hydrogen gas COnta]nment https://mechanicalc.com/reference/fracture-mechanics




.| Validity criteria for ASTM E399 (LEFM) — Very straightforward

Plane strain fracture toughness (K,c) is crack-extension resistance under conditions of crack-tip plane
strain in Mode | for slow rates of loading under predominantly linear-elastic conditions and negligible

plastic-zone adjustment. \QﬂL}y Designation: E399 122
ul
A i P A Standard Test Method for
S N ! P = Pmacl, / b, Linear-Elastic Plane-Strain Fracture Toughness K, of
“Po=Ps £ Metallic Materials®
E,. Typel Typell / Dmem For C ¢ Tensi K P 0 f(' a )
td / or Lompact Iension: A, = ‘J\ wr
/’/95% Secant ,/'95% Secant // 95% Secant \/ BB\\/W \ W)
/ Initial nonlinearity Initial nonlinearity //
N W
’ oCrack Mouth Displacement, V ’ I L:l bO = W'a
FIG. 7 Principal Types of Force-Displacement (CMOD) Records E399 - @a‘ el b (remaining ligament)
|| || || ] || || || || || || K > 4—0.’
, IC Ligament (bo) =

| If you pass this criteria: I (MPa m1/2 ) i) Typically

b,> 2.5 (Ky/YS)2 ensures SSY i RPN ’
| ° = | 20 4.1 W/B =2, a/W =0.5

P../Pg < 1.1 ensures overall | i :

max” " Q) S 50 25 .4 B = thickness

| plasticity is small | S T

Assume: YS= 500 MPa

S ——



7| We typically use Elastic-Plastic Fracture Testing

For hydrogen containment — we purposetully choose tough materials that
have large amounts of plasticity and therefore violate LEFM assumptions

Hydrogen reduces fracture resistance of most materials which tends to
decrease with increasing strength
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8| Crack Uniformity & Side Grooves

Side grooves are highly recommended to help ensure a straight crack
front. 1
- Reduce thickness up to 25% ~
Crack uniformity & s ——
- Crack shall not differ more than 0.1(b_By)!/? y
DETAIL B 4
Non-uniform crack front Uniform crack front ~ SCALETO:]
(Forged Stainless Steel) SA372J Pressure vessel steel =
.500
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9| We follow ASTM E 1820 for fracture testing

; " ) ; Designation: E1820 - 18a*"
Size restrictions are much more relaxed because it can accommodate Aﬁlp)
large scale yielding T

Standard Test Method for

5 . , ‘ . 1
J-integral is a path-independent contour integral used to characterize Measurement of Fracture Toughness
near-crack-tip deformation field in linear and non-linear elastic »
materials. [ ]
0.15 mm EXCLUSION LINE
Relationship between J and K can be used to infer equivalent K, in high & msmum% POINTS USED FOR
toughness materials in which K testing would require unreasonably large oo JZO G L |
specimens < '
P K - E] g 400 : o 2 J -
1—1)2 " 1
/ Q
Multi-specimen or single-specimen approach can be used i 7 TONSK LA RAGHESSION LiNe
- Can determine crack length by either: ™ 02 oFFsET L e
. . 1.5 mm EXCLUSION LINE
- Incremental unloading to measure compliance Ba, S aue
- Continuous rising displacement using Direct Current Potential %0 05 10 L 20 25
Difference (DCPD) Crack Extension (mm)

Jq represents fracture energy at select crack extension
- Intersection of J-R curve with 0.2 mm construction line




Load (kN)

Unloading Compliance Method for E1820

10

20 ' | T T ' T ' T
T l Compliance can be determined by:
18 1 " 1) measuring the unloading slopes
16 ' 1 (Compliance = Av/AP)
- ‘ | 2) using DCPD to determine crack
14 - | length and calculating
| . C,. (compliance as below)
12 -
10 A : 4 Cun= E%( vyji’l) [2,163()+ 12.219( %) = 2().()65(%/[>_
] Slope = 1/compliance ‘ ; ) 5
8 - =1 - ().9925( LWI) +2().6()9( LW’) — 9.9314( UW') } (A2.11)
6 - -
4 - A. Linares, “Using Automated J-R Curve Analysis ~
Software to Simplify Testing and Save Time,”
ORNL
2 = Elastic unloading compliance| -
Normalization v
O | . | d | . 1 = 1 -
0 1 2 3 4 5

Displacement (mm)



11| Direct Current Potential Difference (DCPD)

|C“"e"‘ \C“"e"‘ Concept utilizes principals of V = IR
; - | = constant t
O —>So as the crack extends, R|§, V
— o — For CT coupon: ] -~ < n.v) }
\ / | " cosh W
/ ﬂiﬂ- ™ 'm i::COS_' __ =
i 12} d " a v cosh( %)
i N [ —m cosh V_(, cosh™! —n;() y
- = g ool 53
l s I im0 3 - - 7 -
Current . Current O - 1 —
Voltage measurement points 5 08 | 720 ¢3: Monitor crack length through closed-form
- 0.4 _m - analytical expressions relating DCPD to crack
y length (geometry specific)

Challenges affecting DCPD: thermal drift,

uniform crack fronts, plasticity

Mitigation Strategies: Current switching, reference specimen, interrupted tests, wire
selection & positioning




How we calculate | according to ASTM E1820

1) Precrack to ensure we have sharp crack tip
2) Place DCPD probes on specimen to monitor crack length
3) Perform rising displacement fracture test

Record:
Load cmw—
Crack mouth opening displacement |
DCPD voltage - to track crack length

W’”P"l'"J.'“.l.“L‘J."i“I.»f RERURRER
YO B T e M e A
J=] .+ _K (1 V ) nAP/ *Arc is not actually found in E1820 but we have
B i pl— E B b shown similitude in results with CT and 3PB
| } NYo
— v — o AL
J J o (i) ( )1/2
el p i)
Elastic Plastic BBN W W
component component P = load W = width

B = thickness a= crack length
Jiotal 18 SPlit into Jo and J By= net thickness




13| How we calculate | according to ASTM EI820 (for CT)

J=J gyt pi=

where:

t
i

where:

Voui)

Cry =

K°(1—v*) !
T
E Byb,

area shown in Fig. Al.2,

net specimen thickness (B, = B if no side grooves
present),

uncracked ligament, (W - a,), and

2 +0.522b,/W. (geometry factor)

[PI1)+PU7I)] [ vpllt) — % plli— lju]

pli—1) 2

A=A (A2.10)

plii)

plastic part of the load-line displacement,

Vi— PeCrigy . and _
experimental compliance, (Av/AP),, corresponding
to the current crack size, a;.

- Compliance can be measured by unloading or
inferred from DCPD

ars

P,
(0
Pi-1)

Force, P

[Jpl(l|l+(

where:

Mot (i —1)

Vi -1) =

; npl|17l|‘

J

pli)

pii) =

b

(i—1) /

) A

- Aphl*l.
B\' I _Y(i—l)

= 2.0+0.522 b,_,/W. and

Plastic Displacement, vp;

FIG. A1.3 Definition of Plastic Area for Resistance

J Calculation

1.0+ 0.76 b,_, /W.
crack
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«1 Conversion from | to K in ASTM EI1820

Plane-strain fracture toughness is the value of the stress
intensity designated K, calculated from J,. using the equation
(and satisfying all of the qualification requirements) specified

in this test method.

If these are met:

B >10J,/S, and b,>10J,/S,
Where:

B = thickness

Jq = intersection at 0.2 mm construction line
Sy = flow stress (avg of YS and UTS)

b, = remaining ligament (W-a)

Then can convert to size-independent K .:

S i)

am

Koo = Ejic -
JIC — 1—1p2 50

200

(\GHIM) Designation: E1820 - 18a“"

s’

INTERNATIONAL

Standard Test Method for

Ligament (b,) Validity

700
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E399 E1820 bo (mm)
Ligament (bo) ~ Ligament
(mm) (bo) (mm)
4.1 0.05
25.4 0.25  Assumptions:  Y5=500 MPa
: . Flow stress = 500 MPa
401.3 4.32

Measurement of Fracture Toughness’ ‘



Load (N)

Determination of Crack Initiation Usmg DCPD
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Crack lengths measured by DCPD are linearly correct
based on physical measurements post test.

ap B aO.bl

s e = (ai - a0.171)+a0.bl’

i,adj —
ap. predicted aO.bl

Can improve accuracy of determining crack initiation by interrupted tests




« | Different Geometries give comparable |5 values

—
NE 30 T | ] ] |

= X100 base metal o e CT

ﬁ 25 B 21 MPa H2 Nk Arc — _ i B |
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Figure 6 - Comparison of X100 base metal fracture resistance in 21 MPa hydrogen gas for
the arc and CT coupons plotted as resistance curves, e.g. J,, vs Aa.

This is significant as it is often difficult to extract CTvcoupons from welds/HAZ




|Stain|ess steel performance in H, relative to other alloy systems

300 *Error bars represent std. dev Ref:
including testing rate effects San Marchi et al. (2010)
= (U | 3 San Marchi et al. (2011)

3 . Jackson et al (2013)
250 i":_: ‘‘‘‘ , Somerday et al.(2009)
. O
o~
= 200 = ¥
£ | 9 E
= 150 E w <
I —
= 100 o T A
50 ey 220 i aax Most of these materials
. ' I T Gr. J are used in hydrogen
0 | j & i . infrastructure. Proper
\ | } X ‘ \ J Y : design and operation
! Sainass e ‘ Pressure vessel | ensures their integrity
304L Stainless steel | Steels (in 100 MPa H,,

For wll‘l
o Pipeline steels

{in 21 MPa H;)

x : Not allowed in H2-service



18

J (kJ/im?)

Comparison of fracture resistance of austenitic stainless steel
welds

600 T T T I T T T | T T T I T T T T T T
304L Stainless steel -
[ H2 precharged 140 wppm _ ]
500 [ ; E
: , S0 z
400 [ Values in parenthesis are . ]
the testing rate: dK/dt 5 S |
L (MPam'/Zs7) 0.8) N -
300 [ . 0.04) ]
- i (1.0) .
l ' / :
I #~0.005) -
200 i : . " (0.007) -
100 L ) - - Base metal
I -, (eL7) - E-beam weld
i - GTA weld _
oVl . . o T % A VRl
0 0.2 0.4 0.6 0.8 1 g,
Aa (mm) Cracks growth along elongated features

Electron beam welds give comparable fracture resistance (J,) to forgings




Ferrite content in Austenitic stainless steel appears to have
w1 large effect on fracture threshold (J,)

® 304L BM
B 21-69BMlow FN[12]
: H-precharge + 2169 GTAW-J [16]
F o O 304L EBW
300 ‘_| ©  304L GTAW Weld
p < 21-6-9 GTAW [4]
-\ O  316L GTAW [4] Fracture
Z O  21-6-9/21-6-9 GTAW [14]
250 1 [ 30417308l GTAW-M[17] surface
be Ao, X 304L/308L GTAW-M [17]
= ; \ B 304L/308L GTAW-M [17]
L FH  21-6-9/308L GTAW-M [17
e 200 \+ il oi i i I
= L\
3 \
r 150 \ b5 3¢
I : © ﬁg ] | |
[ H T i .
100 F ~ - Weld .‘
i - \\ ; microstructure |
50 | N~ -3 .-
0 § 1 1 | I 1 iy . : ‘. I
0 5 10 15 20 25 30 35 o-ferrite (skeletal)
1 o
Ferrite content { fn} [4] Ronevich, 2017  [14] Somerday, 2009 [17] Morgan, 2005 ‘
[12] Nibur, 2009 [16] Jackson, 2012




»1 Summary

= Materials used in hydrogen applications typically have high fracture
resistance =2 E1820 EPFM applies

=E1820 wvalidity criteria for dimensions is more lenient than E399

= Ditferent coupons have been shown to yield similar fracture resistance
(Jpp) values allowing more flexibility on specimen removal of welds and

HAZ

= Techniques such as DCPD can be very helpful in identifying crack
initlation and tracking crack growth

= Analysis to generate J-R curves is very involved and requires numerical
integration

" Fracture resistance of austenitic stainless steels and ferritic steels 1s
reduced in hydrogen but doesn’t mean they can’t be used for hydrogen
infrastructure.
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