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Abstract

Hydrogen based fuel has been identified as a promising alternative to fossil fuel to reduce
the emission of greenhouse gases and to enable sustainable energy supplies wbrlspitde
of such promisingpplications of hydrogen as a prime energy source, serious technical
challenges exist due to metallurgical interactions of hydrogen with fracture sensitive metals and
alloys. Atomic hydrogen can be generated at the surface of metals and alloys by thermal
dissociation of gaseous diatomic hydrogerby electrochemical decomposition of hydrogen
bearing aqueous solutioasd vapor condensaté3nce inside hydrogesensitive materials, e.g.,
high strength steehydrogen atoms can interact with various microsttiral features resulting in
enhanced tendency for brittle fractur€he focus of this work was to study the embrittling
effects of hydrogen on low alloy 4340 steel introduced from two different sources (i) vapor
condensate of vaporized hydrogen perexatid (ii) electrolytically generated from
electrochemical solution @5 MH,SO, + 5mg/l ASOs.

Thecompatibility of vaporized hydrogen peroxitteatments with high strength 4340
steel was studiechithe first phase of the worlEmbrittlement of highstrength AISI 4340 steel
was observedsaa result of condensation of the vagaring exposure tthevaporized hydrogen
peroxide Notched four point bending samples of AlISI 4340 steske tested using the standard
test methods of ASTM F5106 to quantifysusceptibility to hydrogeambrittlement in this
aggressive service environment. No embrittlement effects were observed for saxppked to
strictly vapor phase hydrogen peroxide for concentrations up togf@QM.0, andexposure

times of 4.8 hHigher concentrations of 1300 and 1600ppgHed to the condensation tife



vapor throughout the process chamber and brittle fracture of samples. These results were
confirmedby examination of the fracture surfaces of samples using scanning electron
microscopy. Samples that wamnet considered embrittled possessed dimpled fracture surfaces
consistent with ductile failure. Embrittledamples exhibited intgranular fractures along prior
austenitic grain boundaries near the root ofribieh.

In the secod phase of the workhe effects of hydrogen on embrittiement characteristics
of low alloy 4340 steel was studied using doutdéched tensile samples that were
electrochemically charged-gitu with hydrogen in 8.5M H,SO, + 5 mg/l AsO;3 solution. The
mechani cal response of samples with prior aus
martensitic hardness olé2 HRC were examined after hydrogen charging times4sf Min.
As expected, increases in hydrogen charging time and hardness resdéectased failure
strains and decreased evidence of ductile fracHaeder samples showed predominant
intergranular fracture close to the notch and a combination of ductile and apparent cleavage
fracture away from the notch. Softer samples showed-glessiage fracture close to the notch
and predominant ductile fracturetagdistance from the notch increaséttreasing the strain
rate for hydrogen charged samples resulted in decreased failure strains and increased evidence of
brittle fracture. Finallyincreasing the size of the prior austenitic grains was found to lead to
sample failure via brittle transgranulguasicleavage for the larggrained softer samples while

brittle intergranular fracture dominated the laggained hardest samples.
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Figure 4.18Fracture characteristics for 0 and 10 min hydrogen charged
100 um PAGS softer (41HRC) samples. Charging times are shown
in the respective images : (a) gl ~ 100 um from the notch,
(b) and (d) ~ 2000 um away um from the notch.
Arrows indicate the crack growth direction.
Crosshead speed used: O0.01mm/ minéééééééécee:

Figure 4.19Quantitative variation of percent fracture modes with
increasing distance from the notch for harder samples for
0, 5,10 and 20 min hydrogen charging: PAGS and hardnesses
are shown in the rpsctive pictures (a) and (c) intergranular,
(b) and (d) flat surfaces.Each data point represents average
of 4 samples. Error bars represent 20 s

Figure 4.20Quantitative variation of percent fracture modes with
increasing distance from the notch for softer samples for
0, 20, 30 and 40 min hydrogen charging: PAGS and hardnesses
are shown in the respective pictures (a) and (c) intergranular,
(b) and (d) quastleavage. Each data point represenerage
of4 sampl es. Error bars represe
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Figure 4.21Quantitative variation of various fracture modes with
increasing distance from the notch for 2Ghraharged
(a) 10em PAGS, 52 HRC s
40 min charged (c) 10em
Each data point represents average of 4 samples.
Error bars represent 20 sc
Cross head speed used 0.01 mm/ mi Bl éééééé

Figure 4.22Quantitative variation of percent fracture modes with
increasing distance from the notch for harder softer 100 PAGS samples
for 0, 5 and 10 min hydrogen charging: Hardnesses are shown
in the respective pictures (a) and (c) intergranular,
(b) and (d) quastleavage. Each data point repraseaverage of 4 samples.
Error bars represent 20 scatter.
Crosshead speed used : 0.01mm/ min &8%¢ééécéé

Figure 4.23Quantitative Variation of various fracture modes with
increasingdi st ance from the notch for 10 min c
harder and softer samples. (a) Harder :48 HRC samples
(b) Softer :41 HRC sample.
Each data point represents average of 4 samples.
Error bars represent 20 scatter.
Crosshead speed used: 0.01 mm/ minééd8kLéééeéé
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Figure 4.24Change in failure strain as function of two strain rates
2.85 x 1 s (CHS: 0.01 mm/min) &.55 x 1¢° s*
(CHS: 0.03 mm/min): (a) 10 and 40 um harder samples
(50-52 HRC) hydrogen charged for 0 and 5 min,
(b) at 10 and 40 pm softer samples-#BHRC)
hydrogen barged for 0,10 and 20 min.
Error bars iénédé écéaétéeé 416 é&sécéaét £ €€ éé. . . 86

Figure 4.25. Fracture characteristics with increasing distance from
the notch for uncharged 10em PAGS, 52 HR
for two different strain rates 2.85 x 18* (CHS: 0.01 mm/min) (&)
and855x10 s’( CHS: 0. 03-cmm/)mi n) ( a
Strain rates and distances from the notch are shown.
Arr ows i ndicate the crack grécévetéhe éd.89r ecti o

Figure 4.26. Fracture characteristics with increasing distance from
the notch for uncharged 40egm PAGS, 50 HR
for two different strain rates 2.8510° s* (CHS: 0.01 mm/min)
(ac)and855x 10 s’( CHS: 0. 03-cmm/)mi n) ( a
Strain rates and distances from the notch are shown.
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Figure 4.27. Fracture characteristics with increasing distance from
the notch for 5 min charged 10em PAGS, 5
for two different strain rates 2.85 x 16" (CHS: 0.01 mm/min)
(xc)and 855x 18 s'( CHS: 0. 03-cmm/)mi n) ( a
Strain rates and distances from the notch are shown.
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Figure 4.28Fracture characteristics with increasing distance from
the notch for 5 min charged 40em PAGS
for two different strain rates 2.85 x 16 (CHS: 0.01 mm/min)
(@c)and &5x 10°s’( CHS: 0. 03-cmm/)mi n) ( a
Strain rates and distances from the notch are shown.
Arrows indicate the crack growth directdi

Figure4.29. Fracture characteristics with increasdistance from
the notch for uncharged 10em PAGS, 45HRC
for two different strain rates 2.85 x 16" (CHS: 0.01 mm/min)
(ac)and 855x1®s’( CHS: 0. 03 -anm/)mi n) ( a
Strain rates and distances from the notch are shown.
Arrows indicate the crack growth directi
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Figure 4.30. Fracture characteristics with increasing distance from
the notch for uncharged 40em PAGS, 43HRC
for two different strain rates 2.85 x 16" (CHS: 0.01 mm/min)
(ac)and 855x 10 s’( CHS: 0. 03 -anm/)mi n) ( a
Strain rates andistances from the notch are shown.
Arrows indicate the crack growth directdi

Figure 4.31. Fracture characteristics with increasing distance from
the notch for 20 min salngesged 10em PAGS,
for two different strain rates 2.85 x 16 (CHS: 0.01 mm/min)
(ac)and 855x 10 s’( CHS: 0. 03 -anm/)mi n) ( a
Strain rates and distances from the notch are shown.
Arrows indicate the crack growth directi

Figure 4.32. Fracture characteristics with increasing distance from
the notch for 20 min charged 40em PAGS,
for two different strain rates 2.85 x 1@* (CHS: 0.01 mm/min)
(ac)and 855x1®s’( CHS: 0. 03 -anm/)mi n) ( a
Strain rates and distances from the notch are shown.
Arrows indicae t he crack growth directi o96é6ééééé

Figure 4.33. Quantitative variation of percent intergranular and flat surface
modes with increasing distance from the notch for 10 and 40 pm
PAGS harder (562 HRC)samples for two different
strain rates speeds of 2.85 x°10' (CHS: 0.0Imm/min)
and 8.55 x 18 s*(CHS: 0.03 mm/min) after 0 and 5 min
hydrogen charging. (a) and (c) intergranular ,
(b) and (d) flat surfaces. Each data point represents
average oft samples. Errorbarsrepresénfi scatter ééééééééééélc

Figure 4.34Quantitative variation of various fracture modes with
increasinglistance from the notch 10 and 40 um harder
(50-52 HRC) samples for two different strain rates speeds
of 2.85x 10 s (CHS: 0.01mm/min) and 8.55 x 10s™
(CHS: 0.03 mm/min) after Bin hydrogen charging.
Each data point represents average of 4 samples.
Error bars represent 20 scatterééééééééé
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Figure 4.35. Quantitative variation of percent intergranular and flat

surface modes with increasing distance from the notch

for 10 and 40 um PAGS softer (4% HRC) samples for two

different strain rates speeds of 2.85 ¥ 0

(CHS:0.01mm/min) and 8.55 x I18s*(CHS: 0.03 mm/min)

after 0 and 20 min hydrogen charging. (a) and (c)
intergranular , (b) and (d) quasieavage surfaces.
Each data point represents averafjé samples.
Error bars represent 21

Figure 4.36. Quantitative variation of various fracture modes
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with increasing distance from the notch 10 and 40 um softer
(43-45 HRC) samples for two different strain rates speeds

of 2.85x 10 s* (CHS: 0.01mm/min) and 8.55 x 10s™
(CHS: 0.03 mm/min) after 20 min hydrogen charging.

Each data point represents average of 4 samples.

Error bars represent 21

Figure A1 Demonstration of thquantitative estimation of various
fracture featurefor 20 min hydrogenatetio um52 HRC

s 7 oz

sampldoaded at 0.01 mm/min. The yellow lines represent
regions of intergranular fracture; red lines represent regions

of microvoid coalescence and the brolwes represents regions
of flat surfaces (unsure if they are intergranular or quasi) on the
entire image length at a distance ~1000um from the notch.

Sum of each set of colored lines ovee entire length
(indicated by the bl ack

Figure A2 Demonstration of thquantitative estimation of various
fracture featuresof 20 min hydrogenatedd4um 50 HRC

l' ine) deter mi

sample loaded at 0.01 mm/min. The yellow lines represent
regions of intergranular fracture; red lines represent regions

of microvoid coalescence and the brown lines represents regions
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Figure A-3. Demonstration of thquantitative estimation of various
fracture featuresof 40 min hydrogenateti0 um45 HRC
sample loaded at 0.01 mm/min. The yellow lines represent regions
of intergranular fracture; red lines represent regions
of microvoid coalescence and the green lines represent regions
of quasicleavage surfaces and its associated smooth facets
on the entire image length at a distance ~500 um from the notch.
Sum of each set of colored lines over the entire length

(indi cated by the black Iine) deteXl®i nes

Figure A-4. Demonstration of thquantitative estimation of various
fracture featuresof 40 min hydrogenated4um43 HRC
sample loaded &.01 mm/min. The yellow lines represent regions
of intergranular fracture; red lines represent regions
of microvoid coalescence and the green lines represent regions
of quasicleavage surfaces and its associated smooth facets
on the entire image length at a distance ~500 um from the notch.
Sum of each set of colored lines over the entire length

(indicated byt he bl ack | ine) deter mines .ltlth e

Figure A5. Demonstration of thquantitative estimation of various
fracture featuresof 10 min hydrogenated 0Qum 48 HRC
sample loaded at 0.01 mmifmThe yellow lines represent regions
of intergranular fracture; red lines represent regions
of microvoid coalescence and the green lines represent regions
of quasicleavage surfaces on theiemimage length at a
distance ~200 pum from the notch. Sum of each set of colored
lines over the entire length (indicated by the black line)
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Figure A6. Demonstration of thquantitative estimation of various
fracture featuresof 10 min hydrogenated 0Qum41 HRC
sampldoaded at 0.01 mm/min. The red lines represent regions
of microvoid coalescence and the green lines represent regions
of quasicleavage surfaces on the entire image length at a
distance ~200 um from the notch. Sum of each set of colored
linesover the entire length (indicated by the black line)
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Figure B1. Representativeensile test result. 2000 um harder
and softer samples hydrogenated fgfQOmin and loaded
at a cross head speed of 0. 01 mm/in®i

XVii

neeeée



Figure B2. Representativeomparisorof the Tensile results at two
different strain rates for 280 um harder (charged for O anain)
and softer (charged for 0, 10 and 20 min) and
loaded at a cross head speeds of 0.01lmm/min and 0.03 mm/min.
100 Om samples were not subjected to | oa

Figure G1. Typical quasicleavagdeaturesand smooth surfaces associated
to it for 10 um 45 HRC 40 min hydrogenated sample.
The associated smooth surfaces are broken parts
along the martengtlath boundaries.CHS : 0.01 mm/min € € é é é ééé. 121

Figure G2. Typical quasicleavagdeaturesand smooth surfaces associated
to it for 10 um 45HRC 40 min hydrogenated sample.
The associated smooth surfaces are broken parts
along he martensite lath boundari€siS : 0.0l mm/mié é é e ¢ éééé . . 122

Figure G3. Typical quasicleavagdeaturesand smooth surfaces associated
to it for 10 um 45 HREZ 20 min hydrogenated sample.
The associated smooth surfaces are broken parts
along the martensite | ath boundaurlPd3es. CHS

Figure G4. Typical quasicleavagdeaturesand smooth surfacessociated
to it for 10 um 45 HRC 20 min hydrogenated sample.
The associated smooth surfaces are broken parts
along the martensite | ath bounda&rlpdes. C

Figure G5. Typical quasicleavagdeaturedor 40 um 43 HRC 40 min
hydrogenated sample. E€EH&8écé@é@E. MBY. mi n €

Figure G6. Typical quasicleavagdeaturedor 40 um 43 HRC 40 min
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Figure G7. Typical quasicleavagdeaturesand smooth surfaces associated to
it for 40 um 43 HRC 40 min hydrogenated sample.
CHS : 0.01 mm/ miére&&eé&eéae.éecéeéeéeée . 127
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1. Introduction

Hydrogen based fuel has been identified as a promising alternative to fossil fuel to reduce
the emission of greenhouse gases and to enable sustainable energy supplies worldwide [1, 2]. In
spite of such promising applications of hydrogen as a prime eneugyes serious technical
challenges exist due to metallurgical interactions of hydrogen with fracture sensitive metals and
alloys [2]. Hydrogen has caused major failures [2] in the oil and gas industries. The uptake of
hydrogen into steel tanks, pressuessels and pipelines has induced unexpected and premature
fracture of such structures.

Atomic hydrogen can be generated at the surface of metals and alloys by thermal
dissociation of gaseous diatomic hydrogen [3] or by electrochemical decompositiomagfdryd
bearing aqueous solutions [4] and vapor condensates [5]. The atomic hydrogen generated is first
adsorbed onto the surface and then either interstitially diffuses or is transported by dislocations
into the interior of the metals [6Dnce inside hydigensensitive materials, e.g., high strength
steel,hydrogen atoms can interact with various microstructural features resulting in enhanced
tendency for brittle fracture.

Hydrogen is believed to primarily diffuse along the prior austenitic graindsoies from
the steel surface resulting in weakening those grain boundaries and inducing their decohesion
[7]. Hydrogen is also attracted to the triaxial stresses at material discontinuities (e.g., notches,
microcracks) reducing the strain energy forckraitiation and propagatiorY]. Additionally,
hydrogen can be trapped within the stress fields surrounding dislocations leading to either

reduction in dislocation mobilityg] or enhancements to dislocation mobili®].[ Reductions in



plastic flow woud reduce the fracture while hydrogenhanced local plasticity (HELP) could
induce grain boundary failures from amplified dislocation-pis. Hydrogen induced brittle
fracture is ncroscopically manifested as (i) intergranular fracture along the guigenitic grain
boundariesand/or martensitic lath boundariess(ii) transgranular fracture along the cleavage
planes as well as mixtures of these two fracture modesther interesting fractographic feature
often associated with hydrogen embrittlemertermed quastleavage and displays characteristics
often associated with brittle fracture and plasticBecent resultslo, 11] discuss some mechanistic
aspects associated with quakdavage but the precise details and applicable models remain the
subject of controversylp]. Unfortunately quantitative explanation dhe details othesefracture
processes has been difficult over the years due to oftentimes subtle differences

Although hydrogen levels as low a$ 2 wt. ppm are known to indu@mbrittlement in
high strength steel, few investigations have been published which provide specific and
guantitative relationships of hydrogen concentration with strain rate, sample mechanical
behavior and fraare mode. Shim and Byrne [4] present suchnvestigation and these
researchers report a quantitative relationship of hydrogen concentration with the fracture strength
of high strength 4340 steel. However, the prime focus of the paper was to describe the effect of
various recombination poisons acutrent density in the electrochemical hydrogen charging
process.

The effects of prior austenitic grain size, alloying elements and impurities on the
hydrogen sensitivity of fracture of 4340 high strength steel has been studied by a number of
investigates [e.g.,7, 13-16]. Most of the previous research has focused on the function of
austenite grain size on (i) crack velocity, (ii) threshold stress intengiiy) dime to failure. The

results otthese prior investigations are sometimes in apparemtachbetion.



Strain rate is @other important paramettfrat continues to confound researchers
studyinghydrogen embttlement of 4340 steeEffects of strain rate on the hydrogen induced
mechanical property degradation are found in the literature csteaia rate range as low as“10
per sec to as high as?er sec [1720]. According to the available literature, in presence of
hydrogen, fracture strain was established to be lower at slowerrstiesaompared to that for
the faster strain rates ava range of strain rate of 1 10° per sec. However, the study on the
effect of strain rate below TQoer sec on the failure strain is hardly foundhe literature. Blow
this limit the effect of strain raten ductility (failure strainjnay show aompletely different
behavior because of thiene available for the hydrogen to diffuset of the sample before the
mechanical driving force needed to propagate the crack reaches the required limit.

This workhas beerlivided into two phasesn thefirst phase of the workcompatibility
of vaporized hydrogen peroxide sterilant/decontaminanbwfalloy, high strength 4340 steel
was studiedusing \-notched 4point bend sample after exposurevesious VHP concentratien
Embrittlement of high strenly AISI 4340 steel was observed as a result of condensation of the
vapor during exposure to vaporized hydrogen peroxide. In the second phase of the work the
effects of hydrogen on embrittlement characteristicsloo¥ alloy 4340 steel was studied using
double-notched tensile samples that were electrochemically charggtuimith hydrogen in a
0.5 M H,SOy + 5 mg/l AsOs solution. The mechanical responard fracture behaviorof
samples with prior austenitic grain sizes of110@ O , veitlmmartensitic hardess of 4-52 HRC
were examined after hydrogen charging times-40Gninand loaded at twdifferent strain rate
of 2.85 x 10® & 8.55 x 10° s'. Data quantifying th@bserved fracturenodeswere observed
using scanning electron microscopy (i.etergranular,quasicleavage flat cleavagdike or

dimpled)



2. Scientific Background

2.1 Vaporized Hydrogen Peroxide (VHP)Sterilization/Decontamination Proces®s

Hydrogen peroxide vapor has been proposed as a sterilant/decontaminant for usage in
buildings and transportation vehicles including emergency vehicles, buses, trains and aircraft
Vaporized hydrogen peroxide technology has been utilized for 20 years to sterilize medical and
pharmaceutical instruments, devices and clean r¢a22]. Vapaized hydrogen peroxide
biodecontamination treatments provide rapid sterilization, intrinsic environmental friendliness
(i.e., simple byproducts composed of only water and oxygen), ease of usage and general
compatibility with many materials and systems.

A schematic of a typical, closédop hydrogen peroxide vapor generation system and
process isolation chamber is shown in Figlife(a). Most hydrogen peroxide vapor generators
use 35% (by weight) D, in water solution and flash vaporize the solutioradreated plate.

Flash vaporization ensures that the concentration,©Of i the generated vapor is the same as

that inthe original solutionAs shown in Figur®.1(b), typical sterilization/decontamination

cycles consist of an initial phase where thgerature of the process chamber is stabilized and
the relative humidity decread to a predetermined levBluring this dehumidification phase,

warm, dry HEPAfiltered air flows into the enclosure to lower the relative humidity which

allows a higher conedration of hydrogen peroxide vapor to be injected into the enclosure
without condensation. The next phase is to flash vaporize the hydrogen peroxide and water
solution to rapidly increase the amount of hydrogen peroxide vapor to the desired concentration

as well as minimize the total cycle time. During the sanitization/decontamination phase, a steady



concentration of hydrogen peroxide vapor (typically 250 ppm for 90 min) is maintained to give
the desired sanitization/decontamination cycle as often neghbyrthe dog kill (i.e., 1¢°

reduction) of a commercial biological indicator (Bl) spore populatioBexsbacillus
stearothermophilus Once the sanitization/decontamination phase is completed, the enclosure is
then aerated with fresh air while argsidual hydrogen peroxide vapor breaks down into

environmentally benign water and oxygen.
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Fig.2.1 (a) Schematic of a vaporized hydrogen perosigeilization system
(b) Process schematic feaporized hydrgen peroxide sterilization
2.1.1 Condensationduring VHP Treatments
UngerBimczoketal. [23] noted that the literature contains considerable disagreement on
the optimum process conditions for vaporized hydrogen peroxide treatments. The levels of
hydrogen peroxide and relative humidity in the process chamber are particularly important for
antimicrobialefficacy. UngeiBimczoketal. [23] found that the higher the levels 0f®b
vapor, the less important was the actual level of relative humidity. Conversely, high microbe
inactivation rates were found at low levels gfdd vapor when the levels of reia¢ humidity

were high. In fact, sulisible levels of micrecondensation were found to be necessary for high



microbial inactivation rates. Ung&imczoket al[23] note that sulvisible levels of micre
condensation are associated with the formationtbirefilm of condensate on surfaces prior to
the actual ppearance of visible dropletglicro-condensation can be detected with optical dew
pointsensorsHigher levels (i.e., visible levels) of condensation apparently did not increase the
antimicrobial dficacy.

Watling et al[24] investigated the thermodynamics and mass transport conditions for the
binary HO,-H,0 liquid/vapor system. These researchers show that the maximum concentration
of H,O, vapor in the process isolation chamber can be increased when the initial humidity in the
chamber is reduced. The upper limit ofOglvapor concentration is reached when liquid begins
to cordense from the vapor solutiofhis limit is the primary reasorf the initial
dehumidification step as shown in Figure 1(b). Condensation is considered to be problematical
and can result in neaniform decontamination as well as prolonged aeration times when porous
materials are involved. A hydrogen peroxide vapeatment process that is designed to avoid
condensation is often referred to as a Adryo

Watling et al[24] notethat the concentrations of the initial bead of condensed liquid can
be as high as 505 wt. % HO, even though the original flash vapeed liquid was only 35 wit.

% H,0,. Such high concentrations of the condensate can naturally lead to the very high

microbial inactivation rates seen by Undg#mczoket d. [23]. Commercial systems have been
developed that control the temperature, humpiditd hydrogen peroxide vapor concentrations so

that the decontamination process provides ol | edc sitmd emoati ono on t he
cleaned25] . A hydrogen peroxide vapor treatment process that is designed to provide minute

levels of condensaton i s often referred to as a fiweto pr



2.1.2 Material Compatibility 1ssueswith VHP Treatments
Vaporized hydrogen peroxide treatments have been investigated for possible usage in
disinfection/decontamination of buildin§®6], spacecraff27], aircraft[28, 29] and railcarg30].
The aircraft studies used vaporized hydrogen peroxide concentrations in the range @50
ppm and cycle times of 80120 min. Maximum concentrations of hydrogen peroxide vapor
were carefully controlled to awibicondensation in cool locations within the large aircraft cabins.
Previous studies of the compatibility of vaporized hydrogen peroxide exposures as well
as 35% liquid hydrogen peroxide exposures to a range of aerospace grade metal8%2024
202476, 7075T6 and 304 stainless steel) indicated that the 0.2% offset yield strength, ultimate
tensile strength and % elongation to failure were unaffected by the exp&LB8eb.
Compatibility tests on aerospace grade composite materials (carbon fiberfgpexgy,
fiber/carbon fiber epoxy and FR4 printed circuit board materials) exhibited no significant
changes in flexural strength or flexural strain at peak load after ten sequential 4.8 hr exposures to
450 ppm vaporized hydrogen peroxide. However, some anédl degradation in the
composite samples was observed after a 168 hour exposure to%3iguid hydrogen
peroxide Delamination of the 1B31 acrylic confocal coating was observed on FR4 printed
circuit board materials when exposed to 35%viiquid hydrogen peroxideFinally, crazing of
acrylics was also detected when the vapor process conditions enable condensatiofi34.form
Compatibility test results with textiles have been more complex due to the ease of
absorption of both hydrogen peroxidedamater molecules in typical textiles. Absorbed water is
known to decrease the strengths and increase the elongations of many textiles. The tensile
strength of nylon was minimally degraded (<10% loss), polyester was slightly degraded (~10%

loss), and wolowas moderately degraded (~30% loss) by exposure to 450 ppm vaporized



hydrogen peroxide. The tensile strength and the elongation to failure of leather were severely
degraded (~50% loss) by exposure to 450 ppm vaporized hydrogen peroxide. The tensile
strength and the elongation to failure of Nomexe unchanged by exposure to 450 ppm
vaporized hydrogen peroxida3, 34]

Thecompatibility of vaporized hydrogen peroxide treatment with construction materials
of buildings has been recently evaluat88] and minimal deleterious effects were found.
Finally, asa partof the present investigatiaand reported below, thesistance of high strength
4340 steel to hydrogen embrittlement from exposure to a range of conventionaleporiz

hydrogen peroxid&geatmentsvas evaluated.



2.2 Hydrogen in Metals

Atomic hydrogen can be generated at the surface of metals and alloys by thermal
dissociation or electrochemical decomposition of hydrogen beeomgoundsThe atomic
hydrogen generatead first acdorbed onto the surface and, as shown in Figure 2.2 beiiner
interstitially diffuses or is transported by dislocatiam® the interior of the metal€@nce inside
hydrogensensitive materialsydrogen atoms can interact with various mitmogural features

resulting in enhanced tendency for brittle fracture.
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Fig. 22 Summary of the process and microstructural variable for hydrogen assisted failure.
Different ways othydrogengeneration, its transport phenoméméhe material
and its accumulation and subsequent interaction with the various microstructural features
leading to premature fractuieschematically demonstrated [36



Figure 2.3 shows the various microstructural dragpes for hydrogen in a metal like 4340
steel[37]. For a notched sample under loading, hydrogen from the lower binding energy trap
sites (e.g., interstitial sites) would tend to diffuse to the zone of maximum stress in the vicinity of
the notch. This ptnomenon is known as stress induced hydrogen diffusion and is explained in
detail in Ref. 38. Due to this phenomenon, the embrittling effects of hydrogen have been
observed to be most prominent closer to notches in samples. However, extensive quantitative
investigations of theffects of hydrogen as function of depth from crgekerating notches are

notavailable in the literature.
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Fig. 2.3 Diffusion of hydrogen from lower binding energy trap sites to the vicinity of the notch
for loaded sample with notch (or discontinuify37].

2.3. Degradation of Mechanical Properties

Figure 2.4 [39] demonstrates the effect of hydrogen charging on the ductility (reduction
in area) of AISI 4340 steel heat treatedliiferent tensile strengths. The sample with the highest
strength level (190 kg/mh&@ 27 0 ks i was sévBrélyemiiflex after only two min of

hydrogen charging. Additional charging had little effect on further loss of ductility for samples

10



of these high strength materials. On the other hand, the lowest strength specimen (1498g/mm

200 ksi & 1370 MPa) did not

show any

0Ss s

charging and the degree of embrittlement observed after 8 min of hydroggimghveas much

smaller compared to specimens with the highest strengths. This indicates a strong hydrogen

embrittlement susceptibility for high strength 4340.
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Fig. 24 Effect d hydrogen chargingn reduced ductility oAISI 4340 ofthree different level

were manifestetdy reduced reduction in area39|

Figure 2.5 showsrohmberg et ad E39] comparison of the true stress$ruestrain

i

behavior foran uncharged 4340 sample and a sample hydrogenated for 3 h@ronly

apparent effect of hydrogenation observed svdsamatic reduction in failure strain
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Fig.25 The true stresstrain behavior for uncharged and hydrogenated 4340[38el

Sims et al[40] also reported on the reduction in ductility due to hydrogen absorption in

4340 steel. The reduceékdctility appeared to reachlimit at a hydrogen concentration of 5 cc

per 100 gapproximatéy 9 wt. ppm H of the sample High levels of hydrogen content did not

induce additional reductions in ductility.

12



] ol oz o8 o4 05 o6 o o8 ]

H concenfealion, R.W

Fig.2.6 Percent reduction in area with hydrogen concentration for specimen taken from center,
side andcorner of a chilcast ingot [4]

Fig. 2.7 demonstrates trueacture straia for uncharged and hydrogenated 1020 steel
over a temperature range-@D@C to 100C for two different strain ratg49]. Thesedata
clearly demonstrate thegductiors of tensilefracture strain in presence of hydrogen within a
temperature range where the atomic movement is not suppressexy oy test temperaturs.

Fig. 2.8 demonstrates the trends of various mechanical properties as functions of
hydrogen concenttian for Mo steel (C ~ 0.5 wt. %) [41]. Mechanical responses in terms of
yi el d sy}, ultienatgténkile tréngth (UTS), percent elongation and reduction of area were
evaluated. Significant decreases in both percent elongation and reductionvier@edserved

while yield strength and tensile strength exhibited slight increases.
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Fig. 2.7 True fracture strain of uncharged and hydrogenated 1020 steel over a temperature range
of -200°C to 106C at two different strain rates, 58tin™ and 13 % min* [19] .
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Researchers have reported differing effects of hydrogen on the yield strength of steels.
Evidence of yield strengtbnhancement [e.g., 42 and 42], as well as wekehgth reductions
[e.g., 43] plus no effects [44] due to the presence of absorbed hydrogen have been reported.
These differences in yield strength results may be attributed to differences in temperature range,
strain rate and hydrogen concentration usedell as the absolute magnitude of the reported
changes being typically quite small. Changes in these parameters modify the intermittent pinning
of dislocationsand under certain experimental conditipagen though hydrogen might cause
local (microscopickoftening, that might not be observed macroscopically unless the softening
effect is greater than the effect of shear localization [45].

Unnotched samples generally do not exhibit hydreigenced reductions in tensile
strength #1] althoughreductions in tensile strengltom hydrogeneffects ae observed for
notched sampleg[46]. The raised tensile stresses in the vicinity of the notch resilgher
concentratiosof hydrogenin those areas from stresgluced hydrogen tfusion to those areas.
Figure 2.9 demonstrates [4 ] the reduction in notched tensile strength as function of hydrogen
concentration for electrochemically hydrogenated notched 4340 steel (temperetCati@a@ed
at a cross head speed of 0.5 mm/min. ldgen was cathodically charged into the samples from
1N sulphuric acid solution poisoned with 5 mg arsenic oxide per liter solution. Obvidisly,
extentof tensile strengtiheductionsof notched sampleould be determined by the combined
effectsof paraneters such agimensios of the notch, theesultantstress concentration profile,
strength level of the stedlydrogen conceration strain rate, etc

Mechanical property degradation of fracture sensitive materials in predemadragen
is also marfested indelayed failure under constant loallydrogenated sammecan show

delayed failure under certain static loadampditions(stressefower than the actual failure
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strength but aboveso-called lowercritical stress level) as shown schematicailfFigure 210.
The lower critical stress thestress level below which no failure will occur fam extended

time.
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Fig. 29 Reduction in failure strength with hydrogeoancentratiorfor notched4340steel[4].
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Fig. 2.10 Typical schematiof delayedfailure for hydrogenated high strength steg8].
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Hydrogeninduced mechanical property degradaitan alsccausereductiors of fracture
toughnes$41,43, 46, decreasgin threshold stress intensity factor [4K3] and enhancedrack
growth rats [46,48.

Effects of strain rate on the hydrogen induced mechanical property degradegionnd
in the literatureover a strain rateangeas low asL0® per sedo as high ad.0® per secToh and
Baldwin [17] studied the mechanicedsponses of uncharged and hydrogenated steel over a
strain rate over a range of 1 to°20 per min(1.67 x 10*to 1.67 x 16 per sec) They observed a
decrease in the true failure strain wildacreasing strain rate while yield strength remained
unaffectel. See Figure 211 Similar result was alsepored by Robertson et.d4fL8] over a
strain rate range of 0.01 to 100 per rfir67 x 10* to 1.67 x 18 per sec¥or temperature range
of -200 to 200 F.

Brown and Baldwin [19] studied the effect of straaterontruefracture strain of
spherodized SAE 1020 steel over a strain rate range of £ % pér min (1.67 x 10to 1.67 x
107 per sec) . Their results shown in Figure 2.12 indicate the fracture strain for the hydrogenated
sample was lower for the l@w strain rateand increased significantly at the higher strain rates
This ispresumablydue to the enough time hydrogen gets to interact with microstructural feature
in order to cause embrittlement and also at that strain rates the effect of hydmoggen is
subjugated by fast atomic movement due to mechanical driving fooceerselythe uncharged
samples showed a very gradual decrease in failure strain with increasing strain rate presumably
due to the restricted atomic movement possible at the fstar rates.

According to the available literature, hydrogeduced fracture strain is expected to be

lower at slower strain rates over a range of strain rate from 1D per sec. Figure 2.13

17



summaries fractures strain data as a function of strain rate for steel samples from a number
investigations over a range of strain rate oftb0L0° per sec [19]. These results indicate that
the embrittling effect of hydrogen is strongest within anrineliate strain rate range of it

10* per sec and thus the fracture strains over this range are observed to be a minimum.
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Fig. 2.11 Variation of true fracture strain (In,AA) with strain ratg ) over a temperature range

of 1200°C to 100C for (a) asannealeg(b) cathodically hydrogenated for 1h in 4%
sulphuric acid solutiorand (c) combined for ease of comparisduarfaces c and dn

(b) indicatetha the embrittlement effect fdrydrogenated sample is niastense
close to room temperaturddapted from17] and [18].
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24. Fractographic Characterization of Major Fracture Modes

Perhaps the greatest area of controversy that has been emerged from hydrogen
embrittlemen{HE) study is related to thmodes of hydrogen induced cracking on the
microstructural levelHydrogen induced brittle fractusharacteristics anmicroscopically
manifested astergranular fracturesleavage fracture argliasicleavagdracture(also krown
as brittle transcrystalline [49]JThese primary fractunmodes are often associated to microvoid
coalescence. The evidences of secondary cracks are also found witbritnesgfracture
features.

Irrespective of the various mechanisms propgsedsection 2.5pn amicroscopic
and/or atomic levelntergranular fracture eventually occurs as a result of grain boundary
weakeningnduced by hydrogen. Fig.2.14. (a) and (b) show the typical intergranular fracture
mode which is most commonly observed yalfogen embrittled microstructures. 2.14 (a) shows
intergranular fracture with very little evidence of microvoid coalescence associated with it while

2.14 (b) shows intergranular fracture significantly associated to dimples.
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5627 25KV %1,300 18Pm WD22

Fig. 2.14. Typical intergranular fracture surface features in hydrogenated steel. (a) intergranular
fracture with very little microvoideatures(b) intergranular fracturassociated with
significant microvoid [50]

Fig. 2.15(a) and (bshowsthe typical cleavage mode fracture features ywhAFbased

intermetallics in presence of hydrogen at two different strain rates of 2s{lhd 1 x 1 s*

[5]]. At both strain rates similar fractufeaturesvere observediao and Mag51] assertedhe

fracture features to be predominant cleavage with partial intergranular fracture. Typical river

pattenis evident is the cleavage fracture featufigss river pattern is due to dislocation

threading across the cleavage plafeEndom evidence of dtile dimples is also found.
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Fig. 2.15. Typical cleavage fracture surface features in hydrogenated stesttaja)rates used
2 x10° s* (b) strain rates used 1 x 267 [ 51]

Quastcleavage is the name originated when the fracture featuresddbler like
classical cleavage or typical microvoid coalescence. Martin et al. [10] assertgedabiat
cleavage can result from the growth and coalescence of microvoids that imitiajeoa within
intense slip band intersections. Lynch [48o called quasi cleavage as brittle transcrystalline
cleavage andrgued that quasileavage occurs across martensitic laths and/or along the
martensitic lath boundarie§he lath plane associatevith the quasi cleavage in martensitic steel
is typically p p mplane p2]. According to Lynch [49]these brittle transcrystalline fractures are
accompanied with two types of associated featu@sdecorated with tear ridges and striation
when occurmg across the martensitic lath and giooth featureless facets are the result of
fracture paths along martensitic lath boundafégure 2.16 showsypical appearances of quasi

cleavage.
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Fig. 2.16. Typical quasi cleavage surface features: (a) predominant §3¢4][ (b) mixed
mode quasi cleavage with associated smooth facets and little random IG fracture
[53,54 , (c) quasicleavage (QC) and associated smooth translathdzoy facet (B)
[49] (d) quasi cleavage at higher magnification showing associated fine lath like
features, tear ridgdsl]
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2.5 Hydrogen Embrittlement Mechanisms

25.1 Pressure theory

Zappfe p5] proposedhe pressure theory in 1950 which postulates that hydrogen, after
entering the material, preferentially saturates the internal voids and the pores. Large internal
gaseous hydrogen pressure builds up until a critical pressure when the lattice ruptuges. T
simple pressure theory aamt explain hydrogen assisted failure at low hydrogen partial

pressures

2.5.2 Hydride formation theory :

In 1969 the hydride formation theory was proposed by West&H{eIn this model, after
entering the materiahydrogen interacts with those alloying elemeras {Ti, Ta, Ni, V, etc)
susceptible to forming hydrides as shown symbolically in Egn. 1. The brittle hydride particles
offer a low energy fracture path thus facilitating fracture. However, hydrides daomotif
many alloysknown to besusceptile to hydrogen embrittlemerand thus has very limited

potential applicability

M** + xH = MH, (M = Zr, Ti, Ta, Ni, V etc) (1)

25.3 Crack tip surface adsorption theory:

Petch and Stabld$7] introducel the surfae adsorption theory in 1952 thadnsidered
hydrogen adsotmn at the crack tip surfadewers the surface energy at crack tip. Reduced
surface energies would certainly facilitate crack propagation, but many details of the hydrogen

induced facture process we left unexplained.
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2.5.4Hydrogen enhanced decohesion:

Over the span of approxirtedy a decade in the late 1950s through the early 1970s,
Troianoet al. B8], Orianiet al. B8], Johnsonet al. 9] advanced concepts involving hydrogen
enhaced lattice decohesion. After a sufficient amount of hydrogen migrates to a local region, the
electrons contributed by the atomic hydrogen interfere with the electron cloud of metallic atoms
in the parent lattice and reduce the cohesive bonding between the atoms of the parent lattice.
Although decohesion theorygains interactionof hydrogenon anatomic scaledecohesion

theoryfails to explainhydrogen assisted failure at Idwdrogenconentratiors.

2.5.5Hydrogen enhanced localized plasticityHELP):

In 1972Beachen{60] postulated that the presence lofydrogenin the lattice could lead
to a macroscopially brittle failure by enhancing locagblasticity. This somewhat surprising
proposal is callethydrogenenhancedocalized plasticity (HELPjand themechanism considers
the interaction of hydrogen atoms and dislions at the atomic level to better understand

hydrogeninducedbrittle failures.

The HELP theoryassertsthat hydrogen, after entering the material, preferentially
migrates to the tensile zone of an edge dislocation strain field [see Bigdr@)] and reduces
the lattice strain eneygassociated with the tensidocally. Reduction of the strain energy of
dislocations in a dislocatn pileup as shown in Figure 271(a) would lower the repulsive forces
between adjacent dislocations, decrease theirgphetween adjacent dislocatioasd enable
more dislocationgo join the pileup [61,62] as shown schematically iRigure 2.17 (b) [61].

Increased numbers of dislocations in fifgs would naturally lead to amplified stresses and
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strains imposed againshe microstructural features responsible for the-pde e.g., grain

boundaries (GB), carbide particles, etc., and facilitate crack nucleatiom fabnt of the pileup.

i
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Figure 2.7 (a) Hydrogen occupying dislocation strain filed, enhances dislocation motions and
dislocation pile ups against GBs and second phase carbide precipitate at GBs;
(b) Hydrogen induce shielding effectresulting decrease in mutual repulsion

between dislocation$]]

Figure 218 [63] i's a set of transmission -Tedllayctr on

The pictures were taken-gitu at different points of time after hydrogen absorption in an

atmosphere of 100 torr,HThe pictaial sequencdlustrates how the presence of hydrogen in the

lattice enhances dislocation movement in the field of view of the image while the experimental

stage was kept fixed in place. Note in Figur#82he sequential movement of dislocation #4

with respect to the location of dislocation #63]

Figure 2.9 [64] shows TEM images of a dislocation pie in stainless steelThe

pictures were taken 4gitu for a sampleéhat was initiallyhydrogenfree (i.e., 0 Torhydrogen)

andthenin ahydrogenated condition (i.e., 95 Torr hydrogen). A negative image (aek b

27



100 torr I-£

660 nm
(EEESEDEGES

Figure2.18. Presence of hydrogen enhances dislocation movemie the sequential
movement of dislocation #4 with respect to the location of dislocatior63p. |
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becomes white) of the hydrogeed sample is then superimposed on the positive image of the
hydrogenfree sample to facilitate comparison of the positions of the dislocations in theppile
The separation distances between the dislocations in thagéearly decrease in the prese

of hydrogen.

H, =95 Torr

B

B .
—_— .~ .
‘ 's
S N
.
o ;
2N e
H. 00  APRIP L W

Positive image (black)
of un-hydrogenated sampl

Negative image (white)
of hydrogenated sample

Fig. 2.19 Hydrogen enhanced dislocation pile up4][

Unfortunately, none of these individual mechanisms can explain all the observations
related to hydrogemducedfailures andresearchers areurrentlylooking to integrate multiple
mechanisms tamore systematicallyexplain experimental results. This isdwn as the

synergistic approach [85, 6§.
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2.6. Tempered Martensite Embrittlement

Tempered martensite embrittlemgnhME) is commonly observed in commerciagh
strength, low alloys t e g3 = 2@0ksi) and is ofteknown as 358 embrittlemet or one step
embrittlement. TMEembrittlement is observed when thecaenched martensite is tempered in
the temperature range of 285J°C for relatively shortimes (<= 2h) [67]. Tempered martensite
embrittlementauses brittléentergranularfailureseven inabsence of hydrogen.

Early researchers suggested thattteehanisnof tempered martensitic embrittlemeat
be theresult of formation o&fine dispersiorof transition metal carbidggmainly cementite)
during temperingn a specific temperaturange (usually < 35€C). The carbidesvere thought
to beglobular carbide particleighersedn the matrix or elongated carbide films at martensitic
boundariegor prior austenitic grain boundaries)as both globular and platelzarbides within
the martensitéaths or plates f§ 69]. However, the onset of the embrittlement \ahgays
coincident with the beginning of the precipitation of cementite platelets at PA@Bgpering
above F0°C resuled incoalescence of the cemtite particlessoftening of the matriand
increased toughne§&89].

Schrader et al.70] suggested TMEntergranular embrittlement to be effect of
precipitation of nitrides of chromium or magnesiatgrain boundaries when he observed the
elimination oftoughness trough in magnesium steel in presence of ~ 0.01%@wever nitride
formation didnot explain why an increase in P and/or S would increase the severity of hydrogen

embrittlements often reportenh these steel
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Fig. 220 Influence of impurity elements on impact strength of hardened, tempered high purity
1.5 NiCr-Mo Alloy [71]]

Capus et al.{1] studied the effect of trace elements on temperadensite
embrittlemenby analyzing the impact properties of high purity and commercial puriyrNi
Mo steel. Within the tempering range of 3086(°C they found a typical embrittlement trough
(i.e., reduction in toughness) case of commercial NCr-Mo but no such trough fahe high
purity alloy. Sed=igure 220. Capus et al. 1] concluded that the structural changes associated
with the tempering of martensite rgenot solely resmnsible for tempered martensite

embrittlemenbut thatsegregation of some impurity elemeatshe grain boundaries in tharior

austenite phagglayed a significantrole.
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A number ofsegregation mechanisms of the impurity elembatg been suggested. Of
them,Kula and Anctil 2] proposed that the alloying elemeirt the cementite ancfrite
phasewould tend to diffuse and redistribute themselfsr completion of cementite
precipitationat higher temperatuseCertain impurity elements which are more soluble in ferrite
would be preferentially ejected from the precipitated carbsdenriching the ferritephase
immediate adjacent to the thin elorgghtementite platelets and causamgbritiement by
lowering the ferritecarbide interfacial energy. Rellick and Meahon [73] noted thaP or S
impurity rejection at the time of carbigeecipitationis moreimportant tharredistributionafter
precipitation.

King et al [74] performedow temperature (0 and 0F°C) toughness measurements and
fractographic observation on quenched and tempered 0.6 % c steel. The nafominaK c vs
TiemperCurve viereobserved to be at 282 for the 0°C toughness measuremeatsd 392C for
the 106C toughness measuremente corresponding fracture behaweasobserved tde
100% transgranular cleavage acrtiss martensitic packetather thanntergranular failure
along prior austenitic grain boundarmscrack paths alonmartensitic lath edge King et al
believedthese observati@to result fromformation of larger crack nuclei by coarsening of the
interlathcementite particleduring tenpering

Someresearcherf/5-77] have examined thmle of retained austenitic and its
subsequent transformation into interlath cementite gugmpering.Horn and Ritchie76]
postulated d&racture mechanisraf interlath cleavage whehevolume fraction of retained
austenite iselatively largeanda mixture of cleavage and microvoid coalescence when volume

fraction of retained austenite is less.
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However, thesearbideinduced mechanissof tempered martensitic embrittlemeia
not satishctorily explain how an increa in P and/or S content@emmercial steels would
enhancehe susceptibilityo embrittlement.Krauss et al[77] performedimpact property
measuremestandfractographic analysis of quenched and tempered 4340 steelswith
different P compositions (0.003 wt % and 0.03 wt %). Tioemdthat for lower P conterdteels,
the mechanisrof brittle fracture involved interlath cementite platsketdsubsequentrack
propagatioracross the martensite latA$e interlathcementite platelets are formed by the
transformation of retained austenite during the tempesiage. Steels containing higher
amountf phosphorousxhibitedextensive intergranular fractuadong the prior austenitic
grain boundariesin the later casgthe embrittiement mechanism is suggested to be the
combined effect of phosphorous segregation and grain boundary carbides formed during
tempering.

In brief, the three majomechanismef tempered martensitembrittlementan be
summarizeds (i) embrittlementesulting fromgrain boundary weakenirdpe to thecombined
effects of impurity ( P, SSn, Sb) segregation and post tempering (3@h0arbide formation,
(i) embrittlementresulting from the sole involvement adirbides without the involvement of
any impurity elemenand (iii) embrittlement resulting from the involvement the interlath

cementitformed fromretained austenite during the tempering process.

2.7. Grain Size Effectsof Embrittlement Behavior of Martensitic Steel

The role ofprior austenite grain size in modifying the mechanical properties of quenched
and tempered low alloy steelss originallyrecognized by Cotteri[l78] , Troiano [/9] and
Elsea and FletcheB(]. They foundhat a fine austenite grain size is desirable to achieve a good

combination of strength and ductility in low alloy steklowever the effecs of prior austenitic
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grain size on environmegity-induced crackingf 4340 steel was neixtensively studiedntil
the investigations dProctor and Paxton [13Quadrini [14, Lessarand Gerbericlil5], Zackay
etal [81], Wood[82], Lai etal. [83] andParker and ZackaB4]. Unfortunately theliterature
reportsare insomedisagreementegardingthe effecs of prior austenitegrain size on crack
nucleation and growth process in quenched and tempered low alloy steel

Most of the research carried out until nbaweeither directly or indirectly emphasized
the function of austenite grain size on crack nucleation and growth rate and threshold stress
intensity.Proctor and Paxtofi3] demonstrated increasing failure tisweith decreasing prior
austenite grahsize overagraindiameterrangeof 6-35 um(ASTM grain size: 712). See Figure
2.21. In somewhat contradictioto thisand as shown in Figure 2.2a, b) Lessar and Gerbarich
[15] observediecreasgin crack velocityandincreassin threshold stress intensityith increag
in the prioraustenite grain sizeHowever, Lessar and Gexich [15] observedo significant

grain size dependence of fracture behavior below 40 pm of grain size
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In martensitic steethe martensitic lath packet is one of the most important parameter
controlling themechanical propadsand failure behavioiThe morphologysize orientationand
the internal structuréblock) and substructurgsubblock) of themartensitic lath packets are
strongly related tonor austenitic grain sizéetailed discussiorsbout the crystallographic
orientation relationshipare availablelsewherg85-88]. A schematic of lath martensitic

microstructure is shown in Figure 3.p38].

Prior austenite
grain boundary

Lath boundary

CER oo

boundary Block boundary

Fig. 2.2. Typical schematic of lath martensite microstructure. Prior austenitic grains are
subdivided into martensite lath packets which are further subdivided into blocks and
the blocks may further be subdivided into dalbcks[88]

Morito et al.[80] presented the relationship of PAGS on the size of martensitic lath
packetdor Fe- 0.02 wt % CandFe- 0.2 wt % Ci 2 wt% Mn alloy anccompared their findings

with the resulbf Maki et al. [®]. Figure 2.2 showsthat the size of the martensitic lath packets

formed withinthe individual grains increase with increase in PAGS. No effect was reported for

Mn additiors. However,Mn additiors wereobserved tancrease the number blocks constituting

themartensitic lathAs a result, dr a given PAGStheblock sizes constituting the martensitic

lath were observed to be smaller in presence of Mn. See Figbre 2.2
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Morito et al [85] observed the size effect of the martensitic lath packets as well as the
size of their constituent bloslon the mechanical behavior 6&€i 0.2 wt% Ci 2 wt% Mnalloy.
Theycompared their results withe resul of Swarr and Kraus@®0] for Mn-free Fe 0.2 wt%

C as shown in Figure 22 Reductiors in mechanical strength in term§0.2 % yield stress

were observedith increasindath packet sizend block size
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3. Experimental Procedures

3.1 Sample Configurationsand Preparations

3.1.1 V-notch 4-point Bend Sample

V-notch 4point bend samplgser ASTM F519 (See Figure 3.191] were used to

perform the compatibility studgf vaporized hydrogen peroxide (VH&) 4340 steel. Aerospace

grade, lowalloy high-strength AISI 4340 plate (thickne88.5mm, AMS 6359, seEable ) was

acquired from LukenSteel (Coatesville, PA) and machined by Metal Samples Company

(Munford, AL) intoround tensile barandsquare blanks for-gointending samples. The

original longitudinal orientation of the plateas maintained in the machined tensile bars and the

4-point bendhg samples. The rougiachined, square bar blanks werent in length and 10

mm on each side

N 00% & 1" .
| [ | | 0.40° (10 mm)
t 1.1 ,l t
(27 9mm)
Grind Opposite Siles
2.2" (55.9mm) Parallel and 90° = 10
15 Adjacent Sides
*_EI.M' (3.6 mum) — * I .
T—|—'§¥{\ lu.w- (10 mm) w k
F —sewrf

00207 (0.5 mm)
oot radins at base of slot

Tolerances unless otherwise

speciiled are:

XX 20,1 inch {£2 mmb

XXX 10,01 inch (£0.2 mm}

X XXX 200001 inch {#0.0@mm)

Fig. 3.1 4 - point bend sample per ASTM%19 [84.
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Table I.Compositionof the 4point bendest specimens of AlSI 434prpvided by vendqr

Element

C

Cr Mn | Ni P Si S | Al Fe

Composition (Wt %

0.39

0.88] 0.65| 1.69| 0.005| 0.25] 0.1| 0.03| Bal

The rough machined blanks and accompanying tensile bars were austenitizeel iG20

argon atmospherejl quenched, and then double tempered €228C for 2 hours) at Auburn

University (Auburn, AL). Finish machining of the test samples suitable for sustaiaed4

point bend testing per ASTM F5135 [86] was performed by Metal Sampl€smpany

(Munford, AL). The fourpoint bending samplesxhibited center notches 3.5 mm deep with a

radius of 0.25 mm and 8ihcluded angle (Type le Specimeihe notch was machined into

the short transversardction of the original plateThe stress concentration factd the notch

was 3.1. All samples were stress relieved at-198C for 4.5 hours after final machining. The

heat treat response of the material was verified by tensile and hardness testing of four samples

per ASTM E800b[92]. A typical engineering s&issi engineering strain curve is shown in

Figure3.2. The 0.2% yield strength, the tensile strength and the percent elongation (1.25 inch

gage length) of the samples were measured ast169@Pa, 198610 MPa and 14.5%0.1%,

respectively. The hardness wa#s-1 on the Rockwell C scale.

2500

2000 |

Stress (M Pa)
o
2

:

500 |

ol
4]

0.05 0.1 0.15 0z
Strain

Fig. 3.2.Typical engineering stresstrain curve of the aseceived 4340 steel alloy prior to
hydrogen embrittiement testing
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3.1.2 Double Notch Round Bar Tensile Sample

Double notched tensile samplas shown in Figure 38ere used to study the hydrogen
embrittlement effects due to electrochemicasiitn hydrogen charging4340 round bar tensile
samples from the same heat [see Taljlevere procured from Laboratory Biees Company
(Placerville, CA). The diameter and the gage length of the samples were 6 mm and 58.5 mm,
respectively. As received samples were austenitized in argon atmosphere, oil quenched, and then
double tempered at Auburn University (Auburn, AL). Therious austenitizing and tempering
conditions and the resultant prior austenitic grain sizes (PAGS) and hardnesses are shown in
Table Ill. All austenitizing at 175°C was accomplished by encapsulating the samples in a
sealed quartz tube at® psi of arga pressure at room temperature. These samples were

guenched by breaking the quartz tube after austenitization and then immediately quenching the

samples.

Table II. Compositionof the double notch tensile specimens of AISI 433¥0\(ided by vendqr

Element |C | Cr Mn Ni P Si S Cu Al Mo N
Composition| 0.4 | 0.79 | 0.74 | 1.69 | 0.007 | 0.29 |0.014 | 0.18 | 0.036 | 0.24 | 0.009
(wt %)
Table 1ll. Post heat treatment PA@8dMartensiticHardnesses
Austenitizing Tempering Tempering Tempering Tempering Tempering
(°C) (°C) @ 350C @ 500C @ 350C @ 500C
[1h] [1h +1R]  ["Prior Austenitic Grain size (PAGS Hardness
~ avg. nominal dia. in pm ( Rockwell C, HRC)
870 350 | 500 10+£3 10+£3 51.5+ 0.5 45+ 0.5
1100 350 | 500 40 + 10 40 + 10 50+0.5 43+0.5
1175 350 | 500 100 = 20 100+ 20 48.5+0.5 41+05
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After heat treatment, the samples were shipped to back to Laboratory Devices Company
(Placerville, CA) where two seraircular notches were ground according to th@ehsions
shown in the Fig3.3. After grinding of the notches, all samples were shipped back to Auburn

University wherehey were streseelieved at 190 40°C for 4.5 hours.

Semi-circular Notch
—>|0.51n Radius: 0.0156" ’ Stress Concentration

S 91b Depth: 0.0156” | Factor(S C F¥ 2.45

MM —=—{TI_
118 R B

-l-—D,EI'IB-I— -—}-0818

- 3.937

Figure3.3. Double notched round bar tensile sample (measurements are given)in inch

3.2  Metallography
3.2.1. Microstructural Evaluation and PAGS Measurements
After the heat treatmeinerepresentative specimémm thewholebatch of 4point
bend sampkeandonerepresentative specimémm eachof the sixdifferentheat treanent
groups specified in Table IIbf thedoublenotched tensile samplegererandomly chosen fahe
microstructural analysis amdeasurement of the prior austenitic grain siZssnples wex
sectioned transverse to their long deismetallographic analysisSectioned samples were
mounted in bakelite, ground and polished by standard metallographic techniques. Observation of
the martensitic microstructures of the samples was enabledhiggetbe samples in 2% Nital (2

ml HNOs; and 98 mL ethanol) while the prior austenitic grain boundaries were revealed by
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etching with modified Winsteardobés reagent (10
acid, 2.5 ml of 40% solution of sodium-decyl benzene sulfonate as a wetting agent, 5 ml of

ethanol, 10 dropsef HCI). All etchants were applied by cotton swabs. Etching with Nital
occurred at room temperature while etching wi
performed at 650°C. Meallographic examination of the samples was perfdrmith an

Olympus PME3 opticamicroscope. Grain size measurements used the intercept method per

ASTM E11296[93].
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3.3  Hydrogen Charging and Mechanical Testing
3.3.1 Vapor Phase Charging by VHP Exposure and4oint Bend Test

A Model 2410 Lever Arm Tester (ATS, Butler, PA) was used to apply sustained
4-point bending loads to the test samples. See FigdreThe notch fracture strength (NFS) of
the 4point bending samplesas determined to be 205 ksi. Nonconductive kapton tape of 0.5
mm total thickness was placed between the 4340 samples and the -beoaiimy fixture to
electrically isolate the samples from the loading frame and prevent any galvanic coupling
between thedissimilar metals. Per ASTM 51985, the sensitivity of the lot of 4340 steel
samples to hydrogen embrittlement was verified by electroplating three specimens in a highly
embrittling bright cadmium cyanide bath and three specimens under a less emkm@gingent
Plating of the specimens was performed by Westfield Plating Co. (Westfield, MA). The highly
embrittling bath contained 33.7 g/L cadmium (as CdO), 104 g/L NaCN, and 18.7 g/L NaOH.
The pH of the bath was 12 and the operating temperature w88°Q1 Samples were
electroplated at 108 Afffor 30 min. The composition and process condition of the bath for the
less embrittling treatment was the same except that samples were electroplated at?6db6\/m
min and then baked in air at HBI°C for 23 hr. As required by ASTM 51986, all three
specimens plated in the highly embrittling bath fractured within 24 hours under sustained
bending loads of 75% of the net fracture strength of the samples while none of the three samples

plated in the less emiliting bath fractured within 200 hours under the same loads.
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Fig. 34 Mechanical test system for application of sustaingditt bending loads in a vaporized
hydrogen peroxide isolation chamber
All sampleexposures to vaporized hydrogen peroxide were performed with a Steris
1000ED Biedecontamination Unit (Mentp©OH) using Vaprox35 wt. % HO,) as the sterilant
in the enclosed chamber. The exposure chamber was dehumidified to 10% relative humidity

prior to hydrogen peroxide injection to minimize any chance of unintended condensation of the
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hydrogen peroxide vapor. The ramp conditioning phase of hydrogen peroxide injection was
accomplished in 10 min. Samples were then subjected to the desired hyskomede vapor
concentration (500, 1000, 1300 or 1600 ppm) under a sustained bending stress level of 45% of
the notched fracture strength for 4.8 hr of decontamination without any subsequent aeration. The
lack of an aeration phase was intended to proaiderst case exposure to the hydrogen

peroxide. After completion of the 4.8 hr exposure, the stress level was immediately increased to
75% of the NFS for 200 hrHdydrogen peroxide concentrations in the exposure chamber were
monitored with ATl Sensors (ATnc., Collegeville, PA, USA). These sensors are reported by

the manufacturer as having an accuracys®f at concentrations above ~50ppm.

The temperature of the exposure chamber increased from room temperature at the
beginning of biedecontaminationat 30-35°C after approximately 75 min of cycle time. The
temperature then stayed constant until the end of the 4.8 fdebantamination cycle after
which it slowly decreased back to room temperature.

Samples that did not fracture at 75% NFS within th@ l20test period were
incrementally step loaded (ISL) by increasing the load in 5% increments for 2 hours at each
incremental load (i.e., 80% NFS for 2 hours, then 85% NFS for 2 hours, then 90% NFS for 2
hours). This procedure was continued until samgglare

Some exposure conditions led to visible condensation witleichiamber and on the
samplesHydrogen peroxide concentrations of liquid condensates from the hydrogen
peroxide/water vapor treatments were estimated using the standard sulfurmtach sitration
with potasgim permanganat[94].

The susceptibility to hydrogen embrittlement from exposure to low concentrations

of hydrogen peroxide/water liquid solutions was examined by placing droplets of 35 wO£6 H
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/ H,O for 4.8 hours in thaotches of loaded samples as well as on the overall sample surface. To
ensure that the solution remained fresh, the solutions were replaced each hour during the total
exposure period and the chamber was humidified and heated to conditions comparable to
vaporized hydrogen peroxide treatment by injecting only water vapor into the chamber from the
Steris 1000ED Bialecontamination Unit.

Note that neither the vapexposures nor the liguexposures were designed as
accelerated aging tests but were designetlgi to investigate the susceptibility to hydrogen
embrittlement of higkstrength 4340 steel under a variety of chemical service environments
associated with vaporized hydrogen peroxide processes. The 75% NFS loading for 200 hours is
considered. aggdhessicvual applicability of the
any specific application should be considered on alog®ase basis.

Examination of the fracture surfaces of samples was performed using a JEOL JSM 7000F
field emissionscanning electron microscope operating at 20kV with energy dispersiag X
spectroscopy (EDS) employing an ultrathin window detector and Princeton Gaéeuha
analyzer.

3.3.2 Insitu Electrochemical Charging and Tensile Test

The insitu hydrogen charging and tensile loading process is shown in3kigThe
doublenotched tensile samples were electrochemiaailgrged ipsitu with hydrogen ir0.5 M
H,SO, + 5ml/g AsOj; solution for different time durations (0, 5, 10, 20, 30 dAdmin)with a
current density of 10 mA/ct(characterized with respect to the surface area of the sample
exposed to electrolyte9.95 % pure platinum wire with nominal diameter of 0.5 mm (from
Alfa Acer) was used akeanode. The samples were alwaysdted at the central position of the

platinum coil with the coil diameter of approximately 4 cm. To facilitate uniformity in this
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arrangement and maintain a constant distance between the platinum coil and the sample, the
location of the platinum wire waeeliady established by winding the wire against a fixed
support. In order maintain electrical isolation between the sample and the fixture offést Q
machine, the portions of the fixtures (bolt heads) inside the electrolyte were sealed by using
electrdyte resistant and leak resistant silicone rubber sealant. After the samples were screwed
into the fixture thread, junctions between the sample and the bolt heads were also sealed using
silicone rubber. This arrangement ensured the physical as well asicalecsolation of
electrolyte from the tensile machine and the entire electrochemical charging set was isolated
from the tensile machine.

After electrochemical charging was completed,dleetrolyte was removegh about 10
sec)from the charging cetind tensile testing started immediatatgross head speeds of 0.01
mm/minand 0.03 mm/mimising aQ-Test Elite 100 tensile testing machine (MTS Systems
Corporation) All tests were repeate®l5 times at each test condition

The samples failed along eithef the two notches (top or bottom). No practical bias was
seen for fracture preference of either of the two notches. Examination of the fracture surfaces of
the broken notch of the samples was performed using a JEOLIJISM7000F field emission scanning
electon microscope operating at 20 kV with energy dispersiveayX spectroscopy (EDS)

employing an ultrathin window detector and Princeton Gasmeth analyzer.
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Double Notch 4340 sample
(cathode)

Electrolyte:
0.5 MH,SO, + 5 mg/l AsO;

Platinum wire (dia= 0.5 mm)
(anode)

Oultlet for electrolyte

Fig. 35 Hydrogen charging apparatus was mounted on the tensile instrument (MEéS)Q

Samples were charged with hydrogen and immediately loaded under tension at cross

headspeed of 0.0land 0.03nm/min and the electrolyte was simultaneously removed
3.4 Quantitative Fractographic Measurement

Quantitative fractography was performed only for the double notch tensile sabDguis.

guantifying the percentages of the various fractures modes (i.e., intergranular, quasi cleavage,
flat cleavage like or dimpledyere obtained from the notch root alaagadial line to a depth of
~1000 em using intervals of 100em and then down
500 em. Sampling lines normal to the radial [

surfaces and of the percentages offtheture modes exhibited estimated visuaippendix #1

provides a typical example to illustrate the process.
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4. Results and Discussions

4.1 Microstructural Result
4.1.1 Microstructure of the \- Notch Bend Sample

Fig. 4.1(a) shows the martensitic microstructure of the quenched and double tempered
4340 \tnotch bend sample. No detectable microstructural changes occurred as a result of the
various exposures to hydrogen peroxide. The prior austenite grains are shogumerdFL(b)

and exhibit an average grain diameter of34um, which is equivalent to an ASTM grain size

number of 9.

Fig. 4.1 (a) Martensitic microstructure of the heat treated 4340 steel samples (2% nital etchant,
HRC= 52). (b)Prior austenitic grain boundaries of the heat treated steel samples
(modified Winsteardds reagent) .

4.1.2. Microstructure of the Double Notch Tensile Samples

Fig. 4.2 (a)(f) show SEM images of the prior austenitic grain sizes (BAGr the

double notch tensile samples subjected to heat treatment at six different conditions (see chap.3,
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Table Ill). As expected, increasing the austenitizing temperatures led to increases in the observed

PAGS.

10um WD 17 /nnn 5.0k ,000 IUum WL) 17 /lnln

/mhnm

Auburn 15.0kV {1,000 10um WD 17.9mm

Fig. 4.2 SEM images of the modi fisanpblesNi nst ear
revealing PAGS at six different conditions annotated in the respective pictures.
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Follow-on tempering of the austenitized and quenched samples resulted in a range of martensitic
hardnesses as indicated in the.Bi@. No significantifferences in PAGS were observed due to
the various tempering procedures. Howetleg PAGB for tempering temperature 3&0Dwere
revealedmore prominently comparedo atempering temperatu 500°C, presumably because
of favorably segregation of aljing elemert (like P, S).

Fig. 43 (a)(f) show light microscopic images of the prior austenitic grain sizes (PAGS)
for the double notch tensile samples subjected to heat treatment at six different conditions (see

chap.3, Table 1lI).
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Fig. 43 Light microscopic images of the modifiéli n s t eeagend éicked metallographic
samples showingr i or austenitic grain sizes (modi f|
six different heat treatment conditions. Austenitized and tempered at (&) @I#f) and
350°C (2h) , (b) 876C (1h) and 50%C (2h), (c) 1108C (1h) and 35t (2h) , (d)
1100C(1h) and 50%C, (e) 1.75°C (1h) and 35%C (2h) , (f) L75°C (1h) and 50%C (2h)
(2h). Prior austenitic grain sizes and hardnesseshangnin the respective pictures.
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In light microscopic images the martensitic packets anththeidual blocks are more clearly
observed compared to the SEM image@artensitic packets inside the prior austenitic grare
identifiedonly on the basis of eye observation of the groupladkslaths with similar

alignments. The average sizes of the blocks inside the martensitic grain are also eye estimated.
Packetssize and block width increased with increasing PAGS but remained unchanged with
tempering temperatureAverage number ofpackets per grain and average width of block
constituting the packets are summarized in Table IV.

Table IV. Average size of thartensitic packets and their constituent blocks
as function of grain size.

~10 pm ~ 40 pm ~ 100 pm
Number of lath packets per gra 1 2-3 2-4
Packet size (um) 10um 20+ 5um 40+ 10 um
lath width (um) 0.51pum "1-2 um 1-3 um

4.2 VHPEXxposure Results
4.2.1 Mechanical Response

The hydrogen embrittlement results from the fpamt bending tests are summarized in
Fig.44.InFigd4deaclmd0 mar k indicates a sample that su
noted HO, concentratn level and applied mechanical load.clont r ast , an. Ai X0 m
4.4 indicates a sample that fractured during the indicated times at the ngdeddhcentration
level and applied mechanical load. ASTM Standard FH $tates that a chemical service
environment can be considered rembrittling if none of 4 samples exposed to the environment

(exposed while loaded at 45% of the notched fractures$tfescture under sustained load of

75% of the notched fracture stress within 200 hrs after completion of the chemical exposure.
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The data shown in Figt.4 indicate that vaporized hydrogen peroxide levels of 500 and 1000

ppm were not embrittling to the 48 high strength steel samples investigated here.

35wt%
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1500 |-

500 |- ------

‘ / =no failure X =fracture ‘

U sesese

Persistent condensation
during entire 4.8 hr

I X X _______________ exposure

Slight condensation for initial 1 hr
during 4.8 hr exposure

HL HHe o

No condensation during 4.8 hr exposure

75% NFS, BO% NF5S B85% NFS
200 hrs +2 hrs +2 hrs

Bending Load and Time

Fig. 44 Hydrogen embrittlement results for the hydrogen peroxide exposure concentrations,
exposurdgimes and mechanical loads shown. Note the indicated appearance of
condensation during some treatments

Atomic hydrogen can be generated from thermal dissociation of hydrogen peroxide vapor

according to

H>O, Y H,+ O (1)

followed by dissociation to surface adsorbed atomic hydrogen as
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H2Y 2 |§'dsorbed . (2)
The adsorbed atomic hydrogen can then diffuse into the metallic lattice leading to possible

hydrogen embrittlement. The equilibrium partial pressure for the reaction of Eq. (1)

0 . 3)

z

using Eq. (3) and standard dat®][9at 27°C withn = 0.21 atm. and = 0.0016 atm.
(equivalent to 1600 ppm), is Thatm. This extremely low partial pressure of hydrogen gas
generated from purely vapor phase hydrogen peroxide is consistent with the present experimental
result of no measured embrittlement of samplesaratbsence of condensation.

In addition, liquid solutions of 35 wt. % J@, were also found not to be embirittling to
4340 high strength steel. However, increasing the concentrations of hydrogen peroxide vapor to
levels of 1300 and 1600 ppm resulted in fuae of 2 of 2 samples tested under both of these
conditions. The two samples exposed to 1300 pp@x lthiled after only 135 hrs and 180 hrs
while loaded at 75% of the NFS. The two samples exposed to 1600 jipnfiailed after only
100 hrs and 186 hrs w loaded at 75% of the NFS.

Significant condensation occurred throughout the test chamber during the 1300 and 1600
ppm HO, exposures. Condensation was noted all over the inside walls of the test chamber, the
loading fixtures and the samples. Thablis condensation persisted throughout the chamber for
the entire duration of the 4.8 hr decontamination cycles. It should be noted that a small amount
of condensation was seen in the process chamber during the first hour of the 4.8 hour
decontamination ycle when exposing samples to 1000 ppa©Hvapor. This condensation

evaporated after the first hour and was not seen during the remaining 3.8 hours of the exposure.
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Chemical titration of the condensate sanfpllwing Huckaba andeyes P4] indicated tlat
the HO, concentration of the condensate from the 1600 piy@, treatment was 63.7%,0- ,
over twicethe concentratioof the original solution
4.2.2 Fracture Behavior

The fracture surfaces of a number of samples were examined using scaactiray el
microscopy. Samples that survived both th®4+xposure and the 75% NFS load for 200 hrs
are considered as not having become embrittled during the hydrogen peroxide exposure per
ASTM Standard F5196. The fracture surfaces of these samples axkileividence of failure
by fine microvoid coalescence (i.e., ductile fracture) near the root of the notch as well as several
millimeters away from the notch root. A typical fracture surface of such a sample is shown in
Fig. 4.2 @) and 4.2 (b) taken froslose(~ 50um from the notch root) to the notch and away
(mid surface) from the notch respectively. Note the extensive fine microvoid coalescence.
However, samples that did not survive the 75% NFS load for 200 hrs afd¢ekposure
exhibited evidencefdrittle failure near the root of the notch as shown in &i8 (a). Even
though some of the fracture surface in the notch root zone exhibits fine microvoid coalescence,
extensive evidence of brittle intergranular fracture is clearly seen throughoregioa of the
sample. The embrittled region in the higfihess notch root zone served to precipitate premature
fracture even though evidence of failure primarily by ductile microvoid coalescence can be seen

in Fig. 4.3 (b) several millimeters away frotfme notch root.
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Auburn X1,500 10pm

Fig. 45 Fracture surface of a n@ambrittled sample exposed to 500ppm H202 for 4.8 h
exhibiting ductile failure by microvoid coalescence. (a) Fracture suni@ae(with 150
pum) the notch root. (b) Fracture surface approximately 5mm away from the notch root

Fig. 46 Fracture surface of an embrittled sample exposed to 1600ppm H202 and condensed
liquid (approximately 64 W& H202) for 4.8 h. (a) Fracture surface near the notch root
exhibiting extensive intergranular fracture at the prior austenitic grain boundaries. (b)
Fracture surface approximately 5mm away from the notch root exhibiting ductile

failure by microvoid coalecence.
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4.3 Electrochemical Hydrogenation
4.3.1  Effects of Charging Time
4.3.1.1 Mechanical Response

Fig. 4.4 shows the average failure strain at 0.01 mm/min cross head speed for the three
PAGS investigated and various hardnessea function of different hydrogen charging times.
The f ai | facosinually de@eaased witl increasing hydrogen charging tike.

expected, larger failure strains were observed with the softer samplparedinto the harder

samples
0.09
®10um 52 HRC
0.08 010 um, 45 HRC
¢ 40 um, 50 HRC
0.07 % % ©40 um, 43 HRC
£ 0.06 A 100 um, 48 HRC
cd .
% A 100 um, 40 HRC
o 0.05
2 0.04
g i
0.03
: 0
0.02 3 3 %
0.01 4 i
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50
Hydrogen charging time, mii
Fig 4.7. Change in failure strain as function of hydrogen charging time for the sample hardnesses
and prior austenitic grain sizes (PAGS) shown. Tensile tests were performed using a

cross head speed of 0.01 mm/min. The 100 um PAGS samples were not chaaggd fo
times > 10 min. Error bars indicate the 210
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No statistically significant (at 95% confidence level) differences in failure strain values were
observed between the 10 and 40 um PAGS samples. This result agrees with theofihdssar
and Gerbarich [15] who did not observe any significant difference in fracture behavior of
hydrogenated samples up to the prior austenitic grain size range of ~ 40um However,
increasing the PAGS to 100 um resulted in a significant decreasdarfboth levels of

hardness investigated here. Representétiveile resultsire provided in appendB.

43.1.2 Fracture Behavior
Fig. 48 shows representative fracture behavior from close to the foth~ 100 pm
depth)and samle centerling i.e. ~ 2000 undepth) for the harder (52 HRC) uncharged
samples with 10um and 40 um PAGS. Samples wraddd at a crodsead speed @.01
mm/min train rate : 8.55 x 10 s). Extensive microvoid coalescence is seen close to the
notch (up to a depth of ~ 750 um). However, from that depth to the sample centerline, the
fracture surface of the harder samples exhibited a mixture of dimpied fdatiresa Fig
4.9. shows representative fracture behavior close to the fagh~ 100 um depthgnd sample
centerling( i.e. ~ 2000 um depthpr uncharged 10pm and 40 um PAGS, softer453HRC)
samples. The uncharged softer samples for both grain sizes showed a fracture surface composed

of dimples representative of microvaidalescence at all distances from the notch.
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SEI 20.0kV  X1,000 $ 20.0kV  X1,000 10um WD 17.3mm

X500 10um WD 15.8mm

Fig 48. Fracture characteristics for uncharg@dand 40 um PAGS8arder samples: (@nd (c)
~ 100 pum from the notchb)and (d) ~ 2000 um away um from the notcRAGS and
hardnesses are shown in the respective imagesws indicate the crack growth
direction. Crosshead speed used.01lmm/min
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10}, 45-HRG

Auburn

40pm

Auburn

20.0kV  X1,000 SE| 20.0kv  X1,000 10um WD 15.1mm

NS o LB A3 HRG A

SEI 20.0kV X500 1Il/l|||— WD 15.3mm

405m, 48 HRC

SEI 200KV X500 10um WD 15.3mm

Auburn

Auburn

Fig 49. Fracture characteristics for uncharged 10 and 40 um Pa@t®r samples: (a) and (c)
~ 100 pum from the notch, (b) and (d) ~ 2000 um away pum from the notch. PAGS and
hardnesses are shown in the respective images. Arrows indicate the crack growth

direction. Crosshead speed used: 0.01lmm/min
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Fig. 410 shows representative fracture behavior from close to the notch and sample
centerline for the harder (882 HRC) 10 min charged samples with 10um and 40 pum PAGS.
Samples wereobded at a crodsead speed d@f.01lmm/min(strainrate :2.85x 10° s*). A
mixture of intergranular fracture and microvoid coalesceve® exhibitectlose to the notch (up
to a depth of ~ 566800 um) as a result of hydrogen incorporation. From 600um from the notch
to the sample centerline, the fracture surface exhibited a mixtdimpfesa n d  fiehtlres.t 0
Fig. 411 shows representative fracture behavior close to the notch and sample centerline for 10
min charged 10pm and 40 um PAGS, softer-483HRC) samples. The uncharged softer
samples for both grain sizes showed similactiygraphic behavior as their uncharged
counterpart indicating no significant effect of hydrogen at that chasypgsurdime.

However the softer 20 min charged 10pand 40 um PAGS, softer (435 HRC)
samples showed sorbeittle transcrystalline quasieavagen the region only up t@00- 200
pm from the notchSee Fig. 4.12The 10um samples apparently have more smooth facets and
secondary cracks compared to 40 um samples. However, no apparent intergranular fracture was
observed fothe20 min charged softer samples. Representative images are taken from ~100 and

~2000 pum away from the ground notch.
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20.0kv  X1,000 10um WD 159mm S 20,0kv  X1,000 10um WD 15.9mm

¥/
%

| 40y, '5‘0"%30- Sy e i, 50 ARG

Auburn SEI 20.0kV X500 10um WD 15.8mm Auburn

Fig 4.10. Fracture characteristics for 10 min hydrogen charged 10 and 40 pum RAG&
samples: (a) and (c) ~ 100 um from the notch, (b) and (d) ~ 2000 pum away pm from
the notch. PAGS and hardnesses are shown in the respective images. Arrows indicate
the crack growth direction. Crot®ad speed used: 0.01mm/min
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10, 45 HRC

Auburn SE| 20.0kV  X1,000 3 20.0kvV  X1,000 10pm WD 14.7mm

| 40um; 43 HRG P

Auburn 5 ¢ Auburn SEl 20.0kV X500 10pum WD 20.8mm

Fig 411 Fracture characteristics for 10 min hydrogen charged 10 and 40 um PAGS softer
samples: (a) and (c) ~ 100 um from the notch, (b) and (d) ~ 2000 pum away pm from
the notch. PAGS and hardnesses are shown in the respective images. Arrows indicate
the crackgrowth direction. Croskead speed used: 0.01mm/min.
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Auburn S 20.0k\ {1,000 10um > 20.0kV  X1,000

AQHM, 43 HRE.

Auburn SEI 20.0kV 5 10um WD 16.9mm

Fig 412 Fracture characteristics for 20 min hydrogen charged 10 and 40 um PAGS softer
samples: (a) and (c) ~ 100 um from the notch, (b) and (d) ~ 2000 pum away pm from
the notch. PAGS and hardnesses are shown in the respective images. Arrows indicate
the crack gowth direction. Crostiead speed used: 0.01mm/min.
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The 10 um and 40 um PAGS harder{&®DHRC) sample exhibited a greater degree of
intergranular fracturafter20 min chargingvhencompare to 5 min and 10 min charging as
expectedSamples wertbaded at a crossead speed of 0.0fim/min ( strain rate : 8.55 x 0
s'). The fracture behavior as a function of distance from the notch to the sample centerline for
harder samples hydrogenated for 20 min is shown in Fig.(20um PAGS, 52 HRC)ral Fig.
4.14 (40 um PAGS, 50 HRC). Representative imagesetaken from 100pm, 500um, 1000pum
and 2000 pum away from the ground notclshowtrend of fracture behavior as the distances
increase. The fracture surfaces up to 1@@0depthweredominated byntergranular fracture
along with some secondary crackiagwell aevidence of dimples. The fracture surface from
about 1000 depth to the sample centerline exhibited a mixed appearance of flat, clikeage
features along with dimples. Although sooféhe flat features exhibited river patterns typical
of classical cleavage fracture, the majority of the flat features did not

Fig. 4.55 and Fig 4.6 show representative fracture behavior from close to the notch
towards the sample centerline for sokamples hydrogenated for 40 min: 10pum PAGS (43
HRC) and 40 um PAGS (45 HRC), respectively. Samples were loaded at-heaosspeed of
0.01mm/min ( strain rate : 8.55 x £0s). Representative imagegretaken from 100um,
500um, 1000pm and 2000maway from the ground notch sbowntrend of fracture behavior
as the distances increase. Fracture surieedominated bglimples at large distances from the
notch for both samples (2000um , Hgl5and4.16) while a quascleavage fracture mode
mixed with some evidence for intergranular fracturgeisnin the high stress region closer to the
notch. A number of secondary cracks are also evident in the vicinity of the notch.

The gquaskcleavage fracture features seen in this investigatiosiauir to those

reported by Martin et 4lL.0], Nagao et dl11] and Lynch[49]. Martin et al. [10] asserted that
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guasticleavage can result from the growth and coalescence of microvoids that initiate and grow
within intense slip band intersections. Lynd®] argued that quasieavage occurs across
martensitic laths and/or along the martensitic lath boundaries. In this workctpasige

associated with the 40 um size predominantly sftbsurfaces decorated with ldike features

and fine tear ridges, consistent with the interpretation of Lynch. According to LynchHd9],
smooth featureless facefs il f | asetthe eJult of fracture paths along martensitic lath
boundaries. The fracture surfaces of the 10 um giaensamples in the present work

predominantly exhibited smooth facets without significant evidencednslath fracture paths.
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Fig 4.13. Fracture characteristics with increasing distance from the notch for 20 min

hydrogenated 10em PAGS, 52 HRC sampl es.

pm, (c) 1000pm and (d) 2000pm away from the notch. Arrows indicate the crack
growth direction. Croskead speedsed:0.01mm/min
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