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In order to obtain the characteristics of humid gas stress corrosion crackingld HG-
SCCItwo types of tests have been performed to measure the crack growth rateCldaldt O
under load (P)-increasing and displacement (D )-constant conditions for high and
low daldt regionsOrespectivelyThe tests are aimed to investigate the effects of chemi-
cal composition on the HG-SCC characteristics of standard alloys using specially pre-
pared alloys[] The P—increasing test in humid air revealed that daldt is increased by
excess Si content from the balanced composition of Mg,Si without Cu addition in (I
series alloysCwhile by Cu additionCdaldt is reduced and the HG-SCC resistance is im-
proveddThe D —constant tests exhibit similar trend of crack growth and small values of
the threshold stress intensity factor for HG-SCCO Kscc[ for the excess—Si alloys with-
out Culd Observations by scanning electron microscopél SEMOdemonstrate that the in-
tergranular fracture surface is developed for the alloys having excess Si without Culd
while the dimple fracture surface becomes predominant for the other alloys(1 HG-SCC
characteristics obtained for the standard alloys of (ITT] series are consistent with
those of the special alloys[ITTT] alloy exhibits poor HG-SCC resistance and different
crack growth mechanisms as compared with the[TTT] series(] The results in dry air re-
vealed that daldt decreased and K;scc increased remarkably by reducing the humidity
for the alloys that have poor HG-SCC resistancell HG-SCC characteristics are inde-
pendent of plastic pre—strain expected in the autofrettage processl]
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Humidityd Aluminum Alloyd Hydrogen Container

significant components for fuel cell electric ve-

0O O Introduction

hiclesd FCEV The major types of containers

The hydrogen gas container is one of the most are expected to be made of metal and polymer

00000 OO0md liners surrounded by carbon fiber reinforced
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plasticsd CFRPLTI which are classified as Type
O and Type O containers( respectivelyO In or-
der to choose an appropriate material for the
metal boss and linerQ corrosion resistance
should be evaluated in humid air environments
as well as in the high pressure hydrogen gas for
the purpose of commercial vehicle usel since it
might be subjected to humid air during service
conditionsO Presentlydacceptable hydrogen gas
may contain water vaper below O ppm as an
impurity for FCEV 90 When the gas with H,O
of O ppm is charged to the container up to [1I

MPa at [TI0 O the relative humidityd RH O in-
creases to be [ to MO by decreasing the
temperature of 00020 Therefored RH in the
container can be more than (JO in service
conditiond Depending on the chemical composi-
tion of aluminum alloy( it has been discussed a
possibility of hydrogen embrittlement due to

the following chemical reaction?0

OAIDO0 x[H20 - Al,050 xH,OMOH, MHD
(1)

It is suspected that the hydrogen element of OH
enters into the material as an atomic hydrogen
instead of a gas condition of OH,CAnd influences
on the cracking behavior under static loading
condition?0 This behavior is denoted as humid
gas stress corrosion crackingl HG-SCClCand the
test method has been standardized by HPIS E
090

Other candidate test method for evaluating
the effect of the hydrogen on the HG-SCC is
ISO OO0 Annex BO Both in the two standards
precracked specimen is subjected to a static or
sustained load for (I days in air0Judgement is
made whether the crack grows a certain dis-
tance of OMTJmm or notOThis cracking behavior
is denoted as a sustained load cracking

JHPI VolO[ Noll (ITT]

0 SLCOn ISO 1T Annex BO However( there
is no restriction of RH in this test method de-
spite the sensitivity of RH on the reaction of EqO
(1)0 while in HPIS ETT0  RH is restricted to be
more than (10O O In order to investigate the dif-
ference in judgements of HPIS EI11 and ISO
(IO Annex BO crack growth characteristics
should be clarified in humid and dry air envi-
ronments in relation to the chemical composi-
tions of aluminum alloys[

The authors have investigated the HG-SCC
characteristics of standard alloys of [I1110
11 and [OI0
Similar experiments are performed for [I11J
O another lotOTO and [OTTJ
environment as well as in humid air in the pre-

in the previous works¥90
in dry air

sent studyO In order to investigate the effect of
the chemical compositions of the standard al-
loys on HG—-SCC characteristics(] special alloys
are prepared to have chemical compositions
controlled systematically and investigated by
the similar experiments performed for the stan-
dard alloysO Additional experiments are per-
formed for pre-strained [II1] in order to in-

vestigate the influence of autofrettage processt
O O Materials and Experimental Procedures

000 Materials and Specimens

Chemical composition$] mass O Oof the stan-
dard aluminum alloys are presented in Table OO
Alloys of IO MOOIOOOIN and (11 are
used in this studyd Numbers in parenthesis de-

note the lot numbers and are consistent with
our previous work®0 FG and CG indicate fine
and coarse grainsCrespectivelyCMicrostructures
of (I(2)011(2) and (IT1I(2) were shown in
our previous works?~90 All the standard alloys
tested are subjected to TJ heat treatmentlby
which the maximum strength is attainedd The
mechanical properties are presented in Table OO
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where indicator of FG is omitted hereafter]
Tables O and O show chemical compositions
and mechanical propertiesO respectivelyO for
special alloys prepared for a series of studies
supported by the New Energy and Industrial
Technology Development Organizationd NEDOLT]
The alloys numbered OO 0OOO0O0O and O
will be used elsewhered Contents of Sild Mg and
Cu are systematically controlled while those of
the other elements are controlled to be as small
as possibled The amounts of Mg and Si of the
special alloys are plotted in FigldO Since Mg
and Si make a binary compounddMg,Silthe al-
loys on the dashed line are denoted as balanced
alloys with atomic ratio of MglSi of OO iCe[]
mass ratio of MO The other alloys are re-
ferred to as excess—Si alloys[] The Cu content is
aimed to be OO or OO O All the special alloys
tested are subjected to TJ heat treatmentD

TableD Chemical compositions of the standard
alloys [mass%]C

Also presented in FiglID are ranges of Mg and
Si contents for the standard (1110 series alloysO
Specimen geometry is the same as that of our

previous work®0O Single edge notchedd SENO
specimens are employed with its widthO w O
mm0 lengthO L OmmO and the notch length
of O mmO where loading and crack growth di-
rections are transverse (T) and longitudinal
(L)O respectivelyd ited TL orientationd Thick-
nessJ BO is O mm for the standard alloys and
O mm for the special alloys[] Fatigue precracks
are previously introduced with the length of
about O mm at the notch tip under four point
bendingdOPBO by the horizontal loading oil hy-
draulic testing machineO outer span length is
[0 mm and inner span length is 10 mmOunder
the stress intensity factor rangel AK OO0
MPa,/mCat the stress ratioDR OO Cand the cy-
clic frequencyO fOMHzO

TableD Mechanical properties of the standard
alloys(

Alloy Si Fe Cu Mn Mg Cr 7n Ti Alloy Tensile strength (MPa) Proof stress (MPa) Elongation (%)
(QFGCG 0.6 022 026 001 1.0 0.19 <0.01 0.03 ) 328 275 19
6061 (3)FG 0.6 023 025 0.01 099 0.19 <0.01 0.03 4o 2CC 304 258 14
(4)FG 067 0.18 032 005 11 0.7 004 003 G) 330 290 18
so56 LFG 15 023 10 08 11 <001 <0.01 0.03 2‘1‘; i‘?j‘ éi‘; 1'55
QFGCG 15 023 10 08 L1 <001 <001 0.03 g0 268 299 o
351 FG 1.1 022 <0.01 0.6 0.6 <0.01 <0.01 0.02 ()CG 357 293 1
(QFGCG 1.1 022 <0.01 0.6 0.6 <0.01 <0.01 0.02 ) 334 293 14
6082 FG 1.0 023 <0.01 0.71 0.89 0.14 <0.01 0.03 6351 (2) 347 310 12
7075 _FG 0.1 015 1.6 003 25 019 56 002 (2)CG 322 302 17
(1)-(4): lot numbers, FG: fine grain, CG: coarse grain 6082 353 315 17
7075 591 508 15
TableD Chemical compositions of the special
alloys [mass%]0 TableD Mechanical properties of the special alloys[]
Alloy Si Fe Cu Mn Mg Cr Zn Ti Alloy Tensile strength (MPa) Proof stress (MPa)  Elongation (%)
[©) 089 009 0.0l <00l 1.6 <00l 00l 0.0l [0) 329 313 5.8
093 009 100 <00l 1.6 <00l 001 0.0l 403 373 7.1
@ 070 0.0 <00l <00l 121 <00l <001 0.0l @ 315 295 11.5
072 010 105 <001 125 0.0l <001 0.0l 408 369 6.9
@ 143 0.0 <00l <00l 120 <00l <001 0.0l @ 371 349 5.3
[©) 143 0.0 098 <00l LI18 <00l <001 0.0l @ 401 349 8.3
@ 0405 0.09 <00l <00l 071 <00l <001 0.0l ® 273 257 8.4
0421 009 1.03 <00l 073 <001 <00l 0.01 362 325 10
@ L1105 010 <00l <001 070 <001 <0.01 001 ®@ 362 331 5.3
®@ 114 010 104 <00l 073 <001 _<0.01 0.0l ® 395 334 8.6
® 1.8 0.1 <00l <00l 074 <00l 0.0l 0.0l ® 347 321 7.4
@ 1.8 011 110 <00l 074 <0.01 001 001 @ 365 326 6.9
26 o000 Ooobooo
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Figd Contents of main chemical composition of
the standard and special alloys[]

000 Load increasing Test

Method of load P -increasing test is the
same with that of our previous work®0 P-in-
creasing tests are carried out in humid air envi-
ronmentd relative humidityd RH OO0 [0 for
which the specimens are covered with a plastic
bag and an ultrasonic humidifier is used to
keep the RH more than [TJO without dew(
The testing machine was developed in house
using oil hydraulic actuatorsCd HySerpack( Dai-
ichi Denki CoI#0 Testing load controlled by
personal computerd PCO is applied to the SEN
specimens in OPBO Values of P and the back
face strain of the specimens are introduced to
the PC and used for the calculation of stress in-
tensity factor KO where the crack lengthO all
is determined by unloading elastic compliance
methodOFor this measurementOpartial unload-
ing is introduced in the constant load at every
ksO It is noted that fatigue crack growth due to
this partial unloading is so small as to be ignor-
able as compared with the growth of HG-SCCUO
The whole procedure of the P—increasing test is
predetermined and carried out by the PC auto-
maticallyOd

JHPI VolO[ Noll (ITT]

000 Constant displacement Test

The method of displacement (D)-constant
tests is the same with that of our previous
study®[This test is performed under three point
bendinglOPBLby a bolt loadingUile[K —decreas-
ing conditiond using the SEN specimenl Based
on the clip gage displacement at the mouth of
the notch and the precrack lengthO specific val-
ues of the initial K are applied by the bolt load-
ing and the test is continued in a PMMA cham-
ber for (0 days[ about OITTIks[T] The speci-
mens are kept in humid air0) RH OO O and in
dry airdfor which the chamber is filled with dry
air supplied from a unit which can reduce the
dew point of OO O IAC ColO Ltd[1J A1-QD
(O RH of the dry air is less thanOO at room
temperature After D —constant test[] the speci-
men is broken by fatigue loading in order to de-
termine the HG-SCC growth regionl] Subse-
quentlyO the initially applied K values are cor-
rected by the measurements of precrack length
on the fracture surfacesO

00 O Results and Discussion

000 The Effect of Chemical Composition

Figure O presents the variations of a and K
for P—increasing tests in humid air for the stan-
dard alloys of I1(3)000110 and 0100 The
HG-SCC behavior begins under a specific K

value for each material and the crack continues
to grow until fracture This K value is higher
for 10 than for OO and 10 Figures OO
O and O demonstrate the fracture surfaces
taken with a scanning electron microscope
0 SEMLII near the boundary between the pre-
crack and the HG-SCC region for IO
and [IIDO respectivelyOFigures (b) show mag-
nified images of area indicated as rectangles

the figures (@0 In the HG-SCC region dim-
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FigldD Variations of a and K under P—increasing
tests in humid air for (IT1)(3)(@)mI1(b)
and (I10(c)0

pled transgranular ductileOfracture is predomi-
nant for (I and (OT0J0O while for OITD it was
difficult to conclude the predominant fracture

FigllD  Fracture surface of [(IT1] alloy obtained by
P-increasing test(] showing low (@) and
high (b) magnification SEM micrographsC

mechanism although delamination vertical
cracks perpendicular to the macroscopic frac-
ture surface[IIT he delamination implies that in-
tergranular fracture is prone to proceed during
HG-SCC since the microstructure of the [TTT]
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alloy is expected to consist of pancake struc-
tures composed of grains with morphologies
thin in thickness directionOextremely and mod-
erately elongated in L and T directions[] respec-
tivelyd Similar morphologies were observed on
the specimens tested by the D-constant tests
for each alloyO

Figure O presents the relationships between
crack growth rate daldt and K obtained by
the above testsOFor the P—increasing testsOthe
crack growth incrementOAaOvalues were deter-
mined by the compliance method over the con-
stant P conditions as demonstrated in FigCOO
Since our test system can detect Aa of OImm
during the constant load for (111 ks daldt of
Ox [1J-%° mis is the minimum to be able to de-
terminel For the D —constant tests[] the Aa val-
ues were determined in terms of fracture sur-
face observation by averaging O point over the
thickness(OThe daldt is a value of Aa divided by
the loading time of (0 daysO where the meas-
ureable Aa is about OITImm by SEMOThus[the
minimum value of the daldt is Ox [~ mis
by this test The threshold stress intensity fac-
tor for HG-SCCO K;scc[D is determined for this
crack growth rate The data of (ITT1(1) and

10 ——1 i ' .
RH>90% ilm)
@ Sl P—inc. ]
=10 6061(2)
= 6061(2)CG
< f ©6061(3) .
T 10 F A6066(2) - ° AXAO ]
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o sl *635102) N
2107k 2233;(2)&} ]
£ X7075 ﬁ: iy DESZTFE)
210" % XX éu:g sor3
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ENTS o A6066(2)
810 0o 26351(1) 1
6351(2)
12 iR ﬁw <6082
10°7F 1 w9 X7075 7
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Stress intensity factor K, MPaym

Figtll HG-SCC characteristics of the
standard alloys[
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(I11(1) were quoted from the tests in RefllO
where the test was performed for [1J days[Othus
the minimum daldt value should be smaller
than the indicated valueld Downward arrows in-
dicate that the data are below the minimum
values of daldt CAlthough some specimens were
tested at lower K values than those at the
downward arrows[Ithe data plots of these speci-
mens were omitted from the Figdd for clarityOd

In the P-increasing tests[] the measurement
of dalldt was started at lower K values for (11110
(10 and (110 than those for OT1J and [0
as suggested in FigddO In the subsequent
crack growthO there was no apparent trend
among the alloys tested until fractureO In the
D —constant tests(d much lower daldt values
were determined as compared with those in the
P —increasing tests It is notable that K;scc val-
ues are much lower for ITTIO0TT and [O1T1
than for (1110 and OTJO Therefored the for-
mer group of alloys is susceptible to HG-SCC
than the latterQ

These HG-SCC tests and fractographic ob-
servations were also applied to the special al-

loysd Figures 0 and O demonstrate the SEM
micrographs of HG-SCC fracture surface ob-
served just after the introduction of precracks
in the P—increasing tests for the alloys without
and with CuOrespectivelyO For the balanced al-
loys without CuliteOD 00O OO0 and O Oitis ob-
served that typical dimple fracture surface is
predominant and the dimple size increase with
decreasing contents of Mg and SiOJ Similar mor-
phology can be observed for the balanced alloys
with Culliledd (11 and O 0On the other handd
intergranular fracture surface can be observed
for the excess—Si alloys without Cull iCe[TJ O O
0 and 00O This morphology becomes less
marked by Cu addition and the dimple fracture
is enhanced for the excess-Si alloys with Culd
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©®

Crack growth direction

Figdd Fracture surfaces of the special alloys without CulJ

(HO®

Crack growth direction

FigllD  Fracture surfaces of the special alloys with CulJ

ikk0O00O0 and OO

Figure O presents the HG-SCC characteris-
tics of the special alloys in terms of the relation-
ships between daldt and K obtained by the P-
increasing and D —constant testsO It is apparent
that daldt at a certain K value and K;scc values
are larger and lower[respectivelyfor the excess
=Si alloys without Cud il 000 and OO
than those for the other alloys[] As shown in Fig»

30

00O since these materials exhibited intergranu-
lar fracture surface the resistance to HG-SCC
was reduced by the change in the crack growth
mechanismé&l from transgranular to intergranu-
lar0 of the special alloysO As shown in FigrdO
(T and OIT exhibited lower resistance to
HG-SCC than 010 and (I1T0JO The formers
are excess—Si alloys without Cul] while the lat-
ters are either balanced or Cu-containing al-
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Figlll HG-SCC characteristics of the special alloys[]

loysO ThereforeO it is confirmed that either Cu
addition or balanced composition is effective to
improve the resistance to HG-SCC of (1T se-
ries alloys[

OO The Effect of Relative Humidity

Figure [ shows the relationships between
daldt and K obtained by the D —constant tests
in humid and dry air environments for the stan-
dard alloys of OI1(3)IIT] and 010 (a)0 and
00000 and O(0)0
These alloys were selected because of their typi-
cal HG-SCC characteristicsOThe data in humid
air were already shown in Figsll and OFor
the alloys of OTOOOTO and 0O O crack

the special alloys of
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growth can be observed at much higher K val-
ues in dry air than in humid air The other al-
loys exhibit similar crack growth characteris-
tics both in humid and dry air environments de-
spite the alloy O shows a small differenceThe
former alloys had poor HG-SCC resistance as
shown in Figs and OO As stated in chapter
Ohe difference in judgements between HPIS E
(111 and ISO 1111 Annex B is a restriction of
RH during the testsO The results of Fig]
means that the judgment by ISO [(1TT] Annex B
for the alloys having low resistance to HG-SCC
will be fluctuated by the humidityO ThereforeQ
restriction of RH is necessary as standardized
in HPIS HE1TTIO

O0m The Effect of Pre—strain

In the autofrettage process of hydrogen con-
tainersO the liner metal is subjected to plastic
pre-straind Therefore( additional D —constant
tests were performed in order to investigate the
effect of pre—strain on the HG-SCC character-
istics( Plate sample of (I111(4) was prepared
with the size of Omm in transverse (T)OD
mm in longitudinal (L) and Omm in thickness
The plate was plastically elongated in T direc-
tion so that the nominal pre—strain of (IO

T T T T

RH >90% <1%

@ A 4
©) A A o
@ <© e

Crack growth rate  da/dt, m/s

-12 n 1 1
10 20 30
Stress intensity factor K, MPavm

10

FiglI] Comparison of crack growth characteristics obtained by D —constant tests for the standard
alloys (a) and the special alloys (b) in humid aif] RH 000 Dand dry aif] RH O 0 0 00 Also
included in () is the effect of pre—strain on the HG—SCC characteristics of [1111(4)0

JHPI VolO[ Noll (ITT]
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was achievedO SEN specimens with W OmmQO
L OMmm and BOOmm were cut from the vir-
gin and elongated plate samples in TL orienta-
tionO FigdTJ(@) represents the HG—SCC char-
acteristics of [TT1(4) with pre-strains of 0 and
MmO compared with those of [II1(3)0 The
results demonstrate that the HG-SCC charac-
teristics are independent of the pre-strain as
well as the lot numberD

0O O Conclusions

In order to evaluate HG-SCC characteristics[]
two types of tests have been performed for stan-
dard and special alloysd The results obtained
are summarized as follows
(1) For the special alloysO the load-increasing

test in humid air revealed that daldt is in-

creased by excess Si content from the bal-
anced composition of Mg,Si with no Cu addi-
tionO while by Cu additionO daldt is reduced
and the HG-SCC characteristics are
provedd The constant—displacement tests ex-

im-

hibit similar trend of crack growth and small
values of the threshold stress intensity factor
for HG-SCCO K;sccO for the excess—Si alloys
without Cu addition

(2) Observations by scanning electron micro-
scopeld SEMO demonstrate that the inter-
granular fracture surface is developed for the
alloys having excess Si without Cull while the
dimple fracture surface becomes predominant
for the other alloys[]

(3) HG-SCC characteristics obtained for the
standard alloys of [ITT] series are consistent
with those of the special alloysIIITT] alloy ex-
hibits poor HG-SCC resistance and different
crack growth mechanisms as compared with
the (OIT1J seriess

(4) For the selected alloysO the results in dry
air revealed that daldt decreased and K;scc

32

increased remarkably by reducing the humid-
ity for the alloys that have poor HG SCC re-
sistance

(5) HG-SCC characteristics are independent
of plastic pre—strain expected in the autofret-
tage processs
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