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Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation,  
a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's  

National Nuclear Security Administration under contract DE-AC04-94AL85000  
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@  8A%%3'0B$(!"#$%&'((3/2()*%&$%+$)('$4$#3/1(1"(%31$'034;(
;$4$=>"/(C"'(:D2'"E$/(;$'#0=$(

@  F$%"/;1'31$(,#-#*%./&)("C($G0;>/E(;13/23'2;(C"'(HA340CD0/E(
%31$'034;(3/2(2$;0E/;(C"'(:D2'"E$/(;$'#0=$(

@  I'"#02$($G3%J4$("C()'#(&'(01%)($2$(3(,/4-(&*2"C('A4$;(C"'(
;1$$4(J'$;;A'$(#$;;$4;(0/(:D2'"E$/(;$'#0=$(K98L(MI.N-(
2"=A%$/1(

@  8A%%3'0B$($(3(,/4#&!2)*%&$%+$)2'$4$#3/1(1"(%31$'034;(
;$4$=>"/(C"'(:D2'"E$/(;$'#0=$(

@  F$;='0&$(&(52*()*2)*%&$%+$2C"'(HA340O=3>"/("C(%31$'034;(C"'(
:D2'"E$/(;$'#0=$(K98L(9M<9-(2"=A%$/1P(
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67825942'(#$%(6,"-.$2(*)(:&2'2$"#9*$(

@  8A%%3'0B$(!"#$%&'((3/2()*%&$%+$)('$4$#3/1(1"(%31$'034;(
;$4$=>"/(C"'(:D2'"E$/(;$'#0=$(

@  F$%"/;1'31$(,#-#*%./&)("C($G0;>/E(;13/23'2;(C"'(HA340CD0/E(
%31$'034;(3/2(2$;0E/;(C"'(:D2'"E$/(;$'#0=$(

@  I'"#02$($G3%J4$("C()'#(&'(01%)($2$(3(,/4-(&*2"C('A4$;(C"'(
;1$$4(J'$;;A'$(#$;;$4;(0/(:D2'"E$/(;$'#0=$(K98L(MI.N-(
2"=A%$/1(

@  8A%%3'0B$($(3(,/4#&!2)*%&$%+$)2'$4$#3/1(1"(%31$'034;(
;$4$=>"/(C"'(:D2'"E$/(;$'#0=$(

@  F$;='0&$(&(52*()*2)*%&$%+$2C"'(HA340O=3>"/("C(%31$'034;(C"'(
:D2'"E$/(;$'#0=$(K98L(9M<9-(2"=A%$/1P(
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!"#$%#&%(;&#5952((
)*&("2'9$0(#$%(<#"2&.#-'('2-259*$(

@  !"#$%&'()*&)+(,-&.)#&)/#./012(,,"2().%,(*",)/3$2*.(&)
Q  93/3203/(813/23'2;(L;;"=03>"/(K98LPR(4564708978)
Q  L%$'0=3/(8"=0$1D("C(N$;>/E(3/2(<31$'034;(KL8N<PR(S-T+(K3/2(S-+UP(

@  !"#$%&'()*&):%+(2#%;,),(;('-*&)<*2)/3$2*.(&),(2=#'()
Q  L%$'0=3/(8"=0$1D("C(<$=:3/0=34(V/E0/$$';(KL8<VP(

@  WX-Y-+(MD2'"E$/(I0J0/E(3/2(I0J$40/$;(
@  MD2'"E$/(813/23'20B3>"/(./1$'0%(7$J"'1((C"'(N3/5;*(I0J0/E(3/2(
I0J$40/$;(K8NIZIN[,,XP(

Q  VA'"J$3/(./2A;1'034(S3;$;(L;;"=03>"/(KV.SLP(
@  .S9(F"=(-,,Z,XZV(MD2'"E$/(9D40/2$';(3/2(N'3/;J"'1(\$;;$4;(
@  .S9(F"=(-+-Z,TZV(MD2'"E$/(N'3/;J"'13>"/(I0J$40/$;(

Q  !L8LZL.LL(KL%$'0=3/(./;>1A1$("C(L$'"/3A>=;(3/2(L;1'"/3A>=;P(
@  L.LL(S[,U](SA02$(1"(83C$1D("C(MD2'"E$/(3/2(MD2'"E$/(8D;1$%;(

SAND2012-9309P
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!"#$%#&%'()*&(<#"2&.#-'(=,#-.>5#9*$((
.$(?.0?@;&2'',&2(0#'2*,'(?/%&*02$((

@  >?@)7777A0A(K./1$'/3>"/34(^'E3/0B3>"/(C"'(813/23'20B3>"/P)
Q  N:'$$("J>"/;(C"'($#34A3>/E(C'3=1A'$('$;0;13/=$(
Q  I3;;[C304(='01$'03(

@  B?6C)DE079(KL%$'0=3/(8"=0$1D("C(<$=:3/0=34(V/E0/$$';P)
Q  F$;0E/(%$1:"2(A;0/E(%$3;A'$2(C'3=1A'$(3/2(C3>EA$('$;0;13/=$((

@  8"%$(C$31A'$;("C(%31$'034;(HA340O=3>"/(34;"(0/(
(2'3_(;13/23'2(4?B)5F>G7(K93/3203/(813/23'2;(L;;"=03>"/P)
Q  N$;>/E(J'"1"="4(C"'(CA44[;=34$(J'$;;A'$(#$;;$4(1$;>/E(
Q  L41$'/3>#$R(%31$'034;(HA340O$2(&D(2$O/0>"/(3/2(3JJ40=3>"/("C(

1'320>"/34(2$;0E/(3/34D;0;(C"'(C3>EA$(

These standards are specific to pressure vessels 
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A!6(BBBBCD(E&#$';*&"#7-2(0#'(5/-.$%2&'(F(G*<;#97.-."/(*)(
5/-.$%2&(#$%(4#-42(<#"2&.#-'(H."?(0#'(5*$"2$"'(

(I3'1(TR(N$;1(%$1:"2;(C"'(;$4$=>/E(%$13440=(%31$'034;('$;0;13/=$(
1"(:D2'"E$/($%&'0`4$%$/1(
@  N$;>/E("J>"/;R(

Q  F0;=('AJ1A'$(1$;1((
@  a&A';1b("'('AJ1A'$(20;5;(c01:(M$40A%(KM$P(3/2(c01:(MD2'"E$/(KMMP(
@  IMM(d(,Y],(IM$((Kc:$'$(I(0;('AJ1A'$(J'$;;A'$P(

Q  e'3=1A'$(%$=:3/0=;(1$;1(K40/$3'($43;>=(%$1:"2P(
@  81$J(4"320/E("C(C'3=1A'$(%$=:3/0=;(;J$=0%$/;(0/(E3;$"A;(:D2'"E$/(
@  6.M(d(K7%(Z(U],P(G(f,(

Q  8A;130/$2(4"32(='3=50/E(1$;1(K40/$3'($43;>=(%$1:"2P(
@  9"/;13/1(20;J43=$%$/1(K"'(4"32P("C(C'3=1A'$(%$=:3/0=;(;J$=0%$/;(0/(
E3;$"A;(:D2'"E$/(

@  !"(='3=50/E(c01:(6.LII(g(K7%(Z(U],P(G(f,(
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I!1J(K*.-2&(#$%(:&2'',&2(L2''2-(G*%2D((
!259*$(LAAAM(N.4.'.*$(OM(I&95-2(PN@BQ(

8J$=034('$HA0'$%$/1;(C"'(#$;;$4;(0/(:0E:(J'$;;A'$(E3;$"A;(
:D2'"E$/(1'3/;J"'1(3/2(;1"'3E$(;$'#0=$(
@  e'3=1A'$(%$=:3/0=;(2$;0E/(3JJ'"3=:(KWI\9(\...YX(6F[TP(A;0/ER(

Q  8A;130/$2(4"32(='3=50/E('$;0;13/=$(KL8N<(V-fh-PR(6NM(⇒(3=(
Q  e3>EA$(='3=5(E'"c1:('31$;(KL8N<(VfT)PR(23Z2!(⇒(='3=5(2$J1:(g(6K!P(

Cycle number, N 

C
ra

ck
 d

ep
th

, a
 

Design fatigue life 
determined as lesser of: 

• N at a = 25% of ac 
• N = 50% of Nc 
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;$4$=>"/(C"'(:D2'"E$/(;$'#0=$(

@  F$%"/;1'31$(,#-#*%./&)("C($G0;>/E(;13/23'2;(C"'(HA340CD0/E(
%31$'034;(3/2(2$;0E/;(C"'(:D2'"E$/(;$'#0=$(

@  I'"#02$($G3%J4$("C()'#(&'(01%)($2$(3(,/4-(&*2"C('A4$;(C"'(
;1$$4(J'$;;A'$(#$;;$4;(0/(:D2'"E$/(;$'#0=$(K98L(MI.N-(
2"=A%$/1(

@  8A%%3'0B$($(3(,/4#&!2)*%&$%+$)2'$4$#3/1(1"(%31$'034;(
;$4$=>"/(C"'(:D2'"E$/(;$'#0=$(

@  F$;='0&$(&(52*()*2)*%&$%+$2C"'(HA340O=3>"/("C(%31$'034;(C"'(
:D2'"E$/(;$'#0=$(K98L(9M<9-(2"=A%$/1P(
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P$*H$(<#"2&.#-'(72?#4.*&(',002'"'(2R.'9$0(
<#"2&.#-'(=,#-.>5#9*$(<2"?*%'(#&2(.$#%2=,#"2(
./(E$/$'34*(C"'(;1$$4;(0/(:0E:[J'$;;A'$(E3;$"A;(:D2'"E$/R(
@ e'3=1A'$('$;0;13/=$(0;(2$E'32$2(&D(E3;$"A;(:D2'"E$/(
@ e'3=1A'$(J'"=$;;(0;(#$'D(2A=>4$(K0Y$Y*(/"1(40/$3'($43;>=P(

Q  ?0/$3'($43;>=(%$1:"2;(3'$(/"1(3JJ'"J'031$(C"'(HA340CD0/E(%31$'034;(

@ e'3=1A'$(3''$;1(1:'$;:"42(=3/(&$(E'$31$'(1:3/(C'3=1A'$(
0/0>3>"/(1:'$;:"42(
Q  7")*%#&($2,/%$2'+%'8#&!2+()#)*%&'(2#)2&/*2)"9'#(&*26/+2:"%,#6;#&!2

-%*(+#%,)2

@ e3>EA$(='3=5(E'"c1:(0;(3==$4$'31$2(&D(E3;$"A;(:D2'"E$/(
Q  iA340O=3>"/(%A;1(="/;02$'(C3>EA$(&$:3#0"'(

@ e3>EA$(J'"=$;;(0/=4A2$;(='3=5(0/0>3>"/(3/2(='3=5(E'"c1:(
Q <(*=/$)2*=%*2#&',"$(26%.!"(2'+%'82!+/5*=2/&,;2-%;21(2"&&('())%+#,;2
'/&)(+3%.3(2
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@  8A;130/$2(4"32(='3=50/E('$;0;13/=$(0/(
E3;$"A;(:D2'"E$/(0;(34c3D;(E'$31$'(
1:3/($43;>=[J43;>=(C'3=1A'$(
1"AE:/$;;(0/(E3;$"A;(:D2'"E$/((

Q  PE3(S(PTAG(
@  ^'0E0/R((

Q  ;1'30/[="/1'"44$2(C'3=1A'$((
Q  20j$'$/=$;(0/(='3=5(>J(;1'30/(
O$42(C"'(J'"J3E3>/E(='3=5(
="%J3'$2(1"(;13>"/3'D(='3=5((

@  VGJ$'0%$/1;(="/O'%(J'$;;A'$(#$;;$4;(
C304("/(J'$;;A'0B3>"/(K0/='$3;0/E(
4"32k(/"1(;A;130/$2(4"32P(

(

!,'"#.$2%(-*#%(5&#5U.$0(&2'.'"#$52(.'($*"(
',V5.2$"()*&(=,#-.)/.$0(<#"2&.#-'(

!
"#$%&'!(!!)&*+,!*&&'-.!./&'-/012-!#3!45(!67*!89!$*-!:&0;!+03-.*3.<2#-=1*+';'3.!.'-.-!>?@8*AB!
0='3!-C;D01-B!!*32!+&*+,!#3#.#*.#03!./&'-/012-!:&0;!&#-#3$<2#-=1*+';'3.!.'-.-!>?@8#AB!:#11'2!
-C;D01-B!=10..'2!*-!*!:%3+.#03!0:!C#'12!-.&'3$./E!@/'!-01#2!*32!2*-/'2!1#3'-!-/0F!$'3'&*1!.&'32-!0:!
'G%*.#03-!>(A!*32!>HAB!&'-='+.#I'1CB!*-!*!:%3+.#03!0:! 8:J 5E!
!

 (

Sustained load 
cracking thresholds 

(ASTM E1681) 

Elastic-plastic 
fracture toughness 

(ASTM E1820) 

!
"#$%&'!(!!)&*+,!*&&'-.!./&'-/012-!#3!45(!67*!89!$*-!:&0;!+03-.*3.<2#-=1*+';'3.!.'-.-!>?@8*AB!
0='3!-C;D01-B!!*32!+&*+,!#3#.#*.#03!./&'-/012-!:&0;!&#-#3$<2#-=1*+';'3.!.'-.-!>?@8#AB!:#11'2!
-C;D01-B!=10..'2!*-!*!:%3+.#03!0:!C#'12!-.&'3$./E!@/'!-01#2!*32!2*-/'2!1#3'-!-/0F!$'3'&*1!.&'32-!0:!
'G%*.#03-!>(A!*32!>HAB!&'-='+.#I'1CB!*-!*!:%3+.#03!0:! 8:J 5E!
!

 (
.8^(----T[T(3/2(L8<V(WI\9(\...YX(
6F[-,(3'$(/"/[="/;$'#3>#$(^J$/(;D%&"4;(g('+%'82%++()*2*=+()=/,$2

94";$2(;D%&"4;(g('+%'82#&#.%./&2*=+()=/,$2
7$CY(8L!F+,-,[TfXX(K34;"(!0&A'($1(34Y(<$1344Y(<31$'Y(N'3/;Y(L*(3==$J1$2P(

12"?*%'("?#"(.$5-,%2()#90,2(5&#5U(0&*H"?(
*$-/(<#/(72(,$$252''#&.-/(5*$'2&4#942 

G*<;#&.'*$(*)(-.)2(;&2%.59*$'(
7#'2%(*$('2%'H).2*I+/)*$-/(#$%(
),--@'5#-2(;&2'',&2(42''2-("2'"'(
•  I'$20=>"/;(3'$(="/;$'#3>#$(&D(
C3=1"'("C(T("'(%"'$(

•  e"'(;%344(0/0>34(2$C$=1;*(
$j$=>#$(;3C$1D(C3=1"'(
3JJ'"3=:$;(-,(

•  L;[%3/AC3=1A'$2R(d],*,,,(
=D=4$;(c01:(/"(C304A'$;((
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e3>EA$(3/34D;0;(&3;$2("/(='3=5(
E'"c1:("/4D(c3;($GJ$'0%$/1344D(
;:"c/(1"(&$(="/;$'#3>#$(

•  e3>EA$(J'$20=>"/;(C'"%(L8<V(
WI\9(\...YX(6F[-,(A//$=$;;3'04D(
40%01(2$;0E/(;J3=$(Ref: San Marchi et al., ASME PVP2012-78709 

(also San Marchi et al., ICHS4, San Francisco CA 2011)  

Tests 
without failure 
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@  8A%%3'0B$(!"#$%&'((3/2()*%&$%+$)('$4$#3/1(1"(%31$'034;(
;$4$=>"/(C"'(:D2'"E$/(;$'#0=$(

@  F$%"/;1'31$(,#-#*%./&)("C($G0;>/E(;13/23'2;(C"'(HA340CD0/E(
%31$'034;(3/2(2$;0E/;(C"'(:D2'"E$/(;$'#0=$(

@  I'"#02$($G3%J4$("C()'#(&'(01%)($2$(3(,/4-(&*2"C('A4$;(C"'(
;1$$4(J'$;;A'$(#$;;$4;(0/(:D2'"E$/(;$'#0=$(K98L(MI.N-(
2"=A%$/1(

@  8A%%3'0B$($(3(,/4#&!2)*%&$%+$)2'$4$#3/1(1"(%31$'034;(
;$4$=>"/(C"'(:D2'"E$/(;$'#0=$(

@  F$;='0&$(&(52*()*2)*%&$%+$2C"'(HA340O=3>"/("C(%31$'034;(C"'(
:D2'"E$/(;$'#0=$(K98L(9M<9-(2"=A%$/1P(
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E?2(5?#--2$02D(3*H("*(%2'.0$('"22-(
;&2'',&2(42''2-'()*&(2R"2$%2%()#90,2(-.)2W(

•  Cr-Mo steel pressure vessels are 
extensively used for hydrogen 
containment  

–  Pressure up to 42 MPa 

–  Low number of pressurization cycles 

•  Emerging applications such as 
industrial trucks (e.g. forklifts) 
require >10,000 refueling cycles  

•  Existing standards limit design 
space 

Ref.: Barthélémy,  
1st ESSHS, 2006 

Hydrogen-induced 
failure of 

transport cylinder 
from the 1970s 

>3,000 hydrogen-powered forklifts operating in the US 

Full-scale pressure vessel program  
developed to inform standards development 

Engineered defect 
(10 per vessel) 

•  I'$;;A'$(=D=40/E("C(#$;;$4;(c01:(
E3;$"A;(:D2'"E$/(
•  L;[%3/AC3=1A'$2(="/20>"/(
•  l01:($/E0/$$'$2(2$C$=1;(

Depths range from 0 – 10% 
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•  <31$'034;(1$;>/E(0/(E3;$"A;(:D2'"E$/((
•  N$;1(;J$=0%$/;($G1'3=1$2(C'"%(J'$;;A'$(#$;;$4;(
•  e3>EA$(='3=5(E'"c1:(%$3;A'$%$/1;((
KC"'(J'$20=>/E(a40C$b(A;0/E(L8<V(WI\9P(

Key learning from  
full-scale pressure vessel testing 

•  L44("&;$'#$2(C304A'$;(3'$(4$35[&$C"'$[&A';1(K?WWP((
•  L44(C304A'$;("==A'(2A'0/E(J'$;;A'$('3%J(
•  N:'"AE:[c344(='3=5(=3//"1(&$(2$1$=1$2(#0;A344D(
•  F$#$4"J$2(1$;1(J'"1"="4(C"'(1$;>/E(J'$;;A'$(#$;;$4(c01:(
$/E0/$$'$2(2$C$=1;(

•  ./C"'%;R(8LV(N.7(m+])U(3/2(98L(MI.N-(
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N:'"AE:[c344(='3=5(0/(
(C304$2(J'$;;A'$(#$;;$4(
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@  e3>EA$(='3=5(E'"c1:('31$;(%$3;A'$2(0/(E3;$"A;(:D2'"E$/(31(J'$;;A'$("C(T](<I3(
3/2(="%J3'$2(1"(%$3;A'$%$/1;(0/(30'(KX(:$31;("C(9'[<"(;1$$4R(2$;0E/31$2(T-X,nP(

@  9D=4$[40C$(J'$20=1$2(C'"%(1:0;(2313(
Q  e3>EA$(='3=5(E'"c1:("/4D(A;0/E(L8<V(WI\9(\...YX(6F[-,(;J$=0O=(1"(:D2'"E$/(
13/5;(K&3;$2("/(6F[TP(

12"?*%'("?#"(.$5-,%2()#90,2((
5&#5U(0&*H"?(*$-/(#&2(5*$'2&4#942(

Ref: San Marchi et al., ASME PVP2012-78709 
(also San Marchi et al., ICHS4, San Francisco CA 2011)  
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@  ?3'E$(E'"c0/E(2$C$=1;(KdToP('$;A41(0/(40%01$2(40C$(KC$c(1:"A;3/2;("C(=D=4$;P(
@  F313(0;(40%01$2(C"'(4"c(p6(Kq(h(<I3(%-Z+P*(c:0=:(0;(/$=$;;3'D(C"'(J'$20=>"/("CR(

Q  8%344(2$C$=1;((
Q  M0E:(4"32('3>";(
Q  ?"/E(=D=4$(40C$(Kd-,*,,,(=D=4$P(

X#90,2(5&#5U(0&*H"?("2'9$0(.$(0#'2*,'(
?/%&*02$(#"(?.0?(YP(?#'(-.<."2%(4#-,2(

Ref: San Marchi et al., ASME PVP2012-78709 
(also San Marchi et al., ICHS4, San Francisco CA 2011)  

F$C$=1(rTo(
p6(r(-,(<J3(%-Z+(

p6(r(-,(<I3(%-Z+(

!rT*,,,(=D=4$;(

Data? 
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E*(#55*,$"()*&(-*$02&(2R;2&.<2$"#--/((
*7'2&42%()#90,2(-.)2M(5*$'.%2&()#90,2(.$.9#9*$(

D
ef

ec
t d

ep
th

, a
 

Number of pressure cycles, N 

ao 

“Non-growing”  
defect 

C
ra

ck
 in

iti
at

io
n 

Crack 
growth 

Slope = da/dN 
can be measured 

in laboratory 

pressure 

Fatigue life depends on crack initiation and crack growth 
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X#90,2(-.)2(=,#-.>5#9*$(7/()&#5",&2(<25?#$.5'(
%*2'($*"(#55*,$"()*&(.$.9#9*$(

•  Implicit assumption of crack growth methods:  
 cracks “initiate” at first cycle, i.e. Ninit = 0 

 GAP         how to account for fatigue crack initiation? 

Critical crack size  
determined from  
fracture measurements 

D
ef

ec
t d

ep
th

, a
 

ac 

Nc 

Number of pressure cycles, N 

ao 

X 

Evolution of crack size 
predicted from  
fatigue crack growth 
measurements 

Crack initiation:  
no predictive 

 methods 

Ninit 

Fatigue stress-life methods offer framework 
for incorporating crack initiation 

Design 
space 

• By understanding the 
design space of hydrogen 
tanks, forklift tanks can 
be shown to be safe 

• CSA HPIT1 defines 
allowable design space 
to ensure conservative 
design 

Comparison of design curve for 
fatigue in air from  

ASME BPVC VIII.3 KD-3 
(traditional stress-life analysis) 
and stress analysis from tested 

pressure vessels 

20 

Ref: San Marchi et al., ASME PVP2012-78709 



I$'C"'%3/=$('$HA0'$%$/1;(C"'(:D2'"E$/(="/130/$';(
@  e3>EA$(40C$(#$'0O=3>"/(&D(CA44[;=34$(J$'C"'%3/=$(1$;>/E("C(J'$;;A'$(

#$;;$4;(c01:($/E0/$$'$2(2$C$=1((
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H2 pressure 

Number of pressure cycles, N 
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!p 
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H2 
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Definitions for CSA documents 

Hydrogen Suitability: component evaluation 
•  Generally used in the context of a component level 

test with gaseous hydrogen 
 

Hydrogen Compatibility: materials evaluation 
(commonly described as Materials Compatibility) 

•  Standardized materials testing to determine 
materials properties for design 
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CSA CHMC1: Logic Diagram 

Metal or alloy 
of interest 

!-SS steel  
or  

Al alloy 

RNTS ! 0.90  
or  

RRA ! 0.90 

 
RNTS ! 0.50 

Material is compatible with 
hydrogen without design 

modification 

Material is NOT compatible 
with hydrogen 

Conduct Level 2 or Level 3 to 
determine design constraints 

for hydrogen service 

YES YES 

YES 

NO 

NO 

NO 

RNTS = Notch Tensile Strength Ratio 
RRA = Reduction of Area Ratio (smooth tensile) 
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CSA CHMC1 Level 2:  
Safety Factor Multiplier Method 

•  Measure Wohler curves and determine stress amplitude 
(S) for number of cycles to failure (N) of 103, 104 and 105 
in hydrogen and reference environments 

•  SF3 = S3R / S3H   

•  SF4 = S4R / S4H  

•  SF5 = S5R / S5H  

•  SF0 = NTSR / NTSH 

•  Hydrogen safety factor: SFH = max(SF0, SF3, SF4, SF5) 

S3 = stress amplitude for failure at N = 103 

S4 = stress amplitude for failure at N = 104 

S5 = stress amplitude for failure at N = 105 
  
R = reference environment 
H = hydrogen environment 

SFdesign = SFcomponent x SFH Safety factor for design ! 

Notch Tensile Fatigue Tests 
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Schematic representation of  
CHMC1 Level 2 approach 

S
tre

ss
 a

m
pl

itu
de

, S
 

Number of pressure cycles, N 
1 100 104 106 

SF3=SR/SH SF4=SR/SH 

SF5=SR/SH 

SF0=NTSR/NTSH Reference (air) 
Hydrogen 

In this example: SFH = SF0 > SF3 > SF4 > SF5 
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Summary of CSA CHMC1 

•  True material qualification test 
•  Not specific to component or application 
•  Specific to environment and material form 

•  Three levels of qualification 
•  Method to determine if hydrogen effects are significant (Level 1) 
•  Stress-based fatigue method to design for hydrogen (Level 2) 
•  Other fatigue design methods allowed with appropriate data (Lvl 3) 

•  Qualification of materials from different sources requires a 
materials specification that defines the material  

• Compositional ranges 
• Mechanical properties, minimum and maximum values 
• Product form, processing route, etc 

•  Qualification of the materials specification requires testing 
of materials from 3 sources (or heats) 

•  Additional testing is required when the materials specification 
changes 



33 

Summary of standards for qualifying 
materials for hydrogen service 

•  Several standards exist for hydrogen pressure vessels 
•  ISO 11114-4 and ASME BPVC VIII.3 KD-10 

•  Significant limitations associated with the test methods in 
these documents 

•  Limited scope 
•  CSA HPIT1 provides design definition approach 

•  Based on development of experimental test method 
•  Provides framework for considering stress-based fatigue 

analysis 
•  Several new standards are actively being developed 

•  ISO 15399 and new rules for materials in SAE TIR J2579  
•  Limited scope 

•  CSA CHMC1 – new draft language 
•  General rules for qualifying materials and specifications 

E?#$U(`*,()*&(`*,&(Ia2$9*$(

•  N:$("/E"0/E(;AJJ"'1(C'"%(1:$(s8(F$J3'1%$/1("C(V/$'ED*(^u=$("C(V/$'ED(
Vu=0$/=D(3/2(7$/$c3&4$(V/$'ED*(eA$4(9$44(N$=:/"4"E0$;(I'"E'3%(0;(
E'31$CA44D(3=5/"c4$2E$2(3/2(;AJJ"'1;(1:$(J3'>=0J3>"/("C(83/203(!3>"/34(
?3&"'31"'0$;(0/(1:$(2$#$4"J%$/1("C(="2$;(3/2(;13/23'2;(C"'(:D2'"E$/Y(

(
•  83/203(!3>"/34(?3&"'31"'0$;(0;(3(%A4>[J'"E'3%(43&"'31"'D(%3/3E$2(3/2(

"J$'31$2(&D(83/203(9"'J"'3>"/*(3(c:"44D("c/$2(;A&;0203'D("C(?"=5:$$2(
<3'>/(9"'J"'3>"/*(C"'(1:$(sY8Y(F$J3'1%$/1("C(V/$'EDv;(!3>"/34(!A=4$3'(
8$=A'01D(L2%0/0;1'3>"/(A/2$'(="/1'3=1(FV[L9,T[UTL?h],,,((

(
•  N:$($GJ$'>;$(3/2(c0;2"%("C(6$#0/(!0&A'(K=:30'("C(98L(9M<9-*(MD[

I$'C"'%3/=$(<31$'034;(N$;>/E(??9P(3/2(W'03/(8"%$'23D(K83/203(!3>"/34(
?3&"'31"'0$;P(3'$(34;"(E'31$CA44D(3=5/"c4$2E$2Y(((


