EFFECTS OF AGING CONDITION ONTHE HYDROGEN EMBRITTLEMENT
SUSCEPTIBILITY OF PRECIPITATION HARDENABLE
NICKEL-BASE ALLOYS

by
Michelle N. Kent



A thesis submitted to the Faculty and the Bodrdrastees of the Colorado School of
Mines in partial fulfilment of the requirements for the degree of Master of Science
(Metallurgical and Materials Engineering).

Golden, Colorado
Date

Signed:

Michelle N. Kent

Signed:

Dr. Kip O. Findley
Thesis Advisor

Golden, Colorado
Date

Signed:

Dr. Ivar Reimanis
Professor anthterim Department Head
Metallurgical and Materials Engineering



ABSTRACT

During heatteatment, the thermal history can vary across a thick section of bar or forged
product, resulting in a variation in mechanical properties, including hydrogen embrittlement (HE)
susceptibility in Nibase alloys. Whileitiswek st abl i shed that U phase pr
grain boundaries in Alloy 718, it is wunclear h
resistance. Alloy 945X was designed to improve the HEtaste relative to Alloy 718 by avoiding
U phase pr eci p2Ctcarbidesaan forrh aongegram bounddvies in Alloy 945X
under typical aging conditions. This work investigates the HE susceptibilities of All&yand
945X conditions aged atdlustriallyr e | evant t emper at uwiCepeecipitdiiant s pan
thresholds, respectively. The first objective of the study was to determine the sensitivity of HE
susceptibility to smal/|l amounts of dalermpnease i n
whether M3Cs phase increased the HE susceptibility, as the effectsfsn HE susceptibility
are not well establ i s h e@werélcompareditoydetermirteevhethdrf ect s
M2:Cswas as del et er i o phese.trinallyHtke HE suscemitility datasverea s U
compared to the ambient mechanical properties to determine whether there was a relationship
between HE susceptibility and Charpy impact toughness or tensile properties. Each heat treated
condition was subjecteid ambient mechanical property testing including hardness, tensile, and
Charpy impact toughness testing. For hydrogen embrittlement testing, incremental step load tests
wereperformed withcircular notched tensile specimens subjectead situ cathodic clarging while
crack initiation and growth were monitored using the direct current potential drop technique. For
conditions with similar hardnessiluest hat spanned the U precipitati
and disconti nuous ultedipdnacreasentHE susceptibility and incneasmglys
intergranular fracture morphology, i ndicating
resistance. The HE susceptibility also increased wittCb/recipitation and growth in Alloy 945X
condtions with similar hardness. The Alloy 945X conditions withs® contained more frequent
and more continuous grain boundary precipitate
phase however, the HE susceptibility of #Ce-containing Alloy 945X vas similar to the HE
suscept icbntainingtAjoy U8, suggesting thatils is not as deleterious to HE
susceptibility as U phase, though InomeasinghEh ases
susceptibility correlates with decreasiniga@py impact toughnesbkkely because grain boundary
precipitategliminish both of these properties.
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CHAPTER 1:INTRODUCTION

Precipitation hardenable Nfe-Cr corrosion resistant alloys (CRAare used for
downhole oil and gas components such as valves, packer assemblies, hangers, and drill tools,
because they exhibit a favorable combination of high strength, high toughness, and good
corrosion resistance. CRAs are often subjected to catpoatiection during service to improve
corrosion resistance, which attracts hydrogen to the surface of the cathode. The presence of
hydrogen, when combined with a tensile stress on a susceptible material, can lead to brittle
failure in normallyductile mateials, a phenomenon known as hydrogen embrittlement (HE).
Alloy 718 (UNS N07718) and Alloy 945X (UNS N09946) arelidise CRAs developed
for downhole oil and gas applications. Bot h a
the matrix that form during agi ngggraiAfter | ong
boundaries in Alloy 718, which can be deleterious to HE susceptibility. Alloy 945X was
devel oped to prevent U0 formation during typic
susceptibility. At long aging times, a grain boundaryG4 carbide precipates in Alloy 945X.
Whileitiswelte st abl i shed in | iterature that 0 pha
inNi-base CRAs, it is wunclear how much U must be
Although Alloy 945X presents a promising altermaé t o Al Il oy 718 by avoi di
precipitation, the effect of B4Cs carbides on HE resistance has not been documented. A better
understanding of grain boundary precipitate effects on HE resistance can help refine heat
treatment procedures to improve fpemance in service.
While there are hardness limitations and heat treatment standards for CRAs intended to
mitigate hydrogesrelated catastrophic failure, the thermal history can vary through the
crosssection of larger components or bars. The motivdtorhis work is to determine how
variations in thermal history present across thiaksections can influendeydrogenrassisted
crack initiation and growth in precipitation hardenable CRAs dunrsgtu cathodic charging.
Varying the thermal history cachange the size and volume fraction of precipitates in the matrix
and along grain boundaries, which can influence the strength and hydrogen diffusivity and

trapping behavior and alter the HE susceptibility as a result.



1.1 Research Objectives and Questions
The objective of this project was to investigtite effect ofdifferent degrees of grain
boundary precipitatioonthe HE susceptibility of the selected-base alloys. Additionally, the
HE testing results were compared to hydrefiee mechanical propées to find correlations
t hat could be indicators of the material 6s pe
developed to address the objectives of this research.

1. How does a small amount of O phatAoypreci pi
718?21t was hypothesized that even small amou
resistance, but that this phenomenon is often convoluted by the improved HE resistance
from overaging 00 precipitates asmali phase
amounts of O phase, All oy 718 -mwlavanttimesat tr e
and temperatures that spanned the U precip
hardness between conditions. HE susceptibility and fracture morphokygycompared
bet ween conditions with different amounts

2. How does MsCs precipitation affect HE susceptibility in Alloy 945X#hile several
studies have investigated the HE susceptibility of Alloy 945X, none have refiweted
effect 0ofM23Cs precipitationon HE susceptibility during long aging times at
industrially-relevant temperatures. Sinceddsi s a gr ain boundary pha
is possible that MCs could also diminish the HE resistance. As in Alloy 718, the HE
sensitivity to M3Cs Was investigated by heat treating Alloy 945X for times spanning the
M23Cs precipitation threshold at an industrialiglevant temperature while maintaining
similar hardness between conditions, and the HE susceptibility and fracture morphology
were compare between conditions.

3. How does the HE sensitivity to U phase pre
sensitivity to MzCs precipitation in Alloy 945X Bince the sensitivity of HE to 3Cs is
not established, the relative HE sensiigst o U 38samals®unknown. Aby
945X was designed to avoid U phase format:i
the HE resistance compared to Alloy 718. Thus, it is important to undethtaetfect of

other grain boundary precipitates theAlloy 945X performance.



4. Can theHE susceptibility be correlated to hydrogeee mechanical properties such as
tensile or Charpy impact testing resultBRe hydrogeffree mechanical properties and
the HE susceptibility are both influenced by precipitates, so it is likely that these
properties might be correlated. It was hypothesized that Charpy impact toughness would
correlate with HE susceptibility better than tensile properties because the triaxial stress

state constricts plastic deformation and increases the likelihood of brittigrérac

1.2  Thesis Overview

An introduction to the alloys used in this study and a review of previous hydrogen
embrittlement investigations that establish the foundation for this research are presented in
Chapter 2. The experimental procedure described in €hajitegins with an explanation of the
heat treatment selection process, followed by details of the hardness, tensile, and Charpy impact
testing methods and the hydrogen embrittlement testing and characterization procedures. The
results from testing and ahacterization are presented in Chapter 4. The ISL testing results are
presented as the stress intensity factor for unstable crack groythn@the ratio of the load at
which unstable crack growth initiated under cathodic charging to the peak loadd@&ach
guaststatic tensile tests for CNT specimens tested in ambient air. Fracture surfaces used to
determine the mode of fracture for hydrogdfected specimens are also presented. Chapter 5
includes discussion regarding the HE susceptibility of theweleeonditions and the
corresponding fracture modes. The HE susceptibility results are compared to hyfdeegen
mechanical properties. Conclusions and future work are presented in Chapters 6 and 7,

respectively.



CHAPTER 2.BACKGROUND

This chapter discusses thevelopment of Alloy 718 and Alloy 945X for oil and gas
applications. The physical metallurgy of these alloys with different heat treatment conditions and
precipitation morphologies is reviewed. Hydrogen embrittlementibade CRAs is discussed
in terms & precipitate effects and hydrogen trapping. Finally, methods used to evaluate hydrogen

embrittlement susceptibility are presented.

2.1  Physical Metallurgy of Alloy 718 and Alloy 945X for Oil and Gas Applications

Alloy 718 is a derivative of Alloy 625 that wabriginally developed in the 1960s to
handle the high temperatures and pressures of steam power plant piping. Alloy 718 has a lower
solubility of Nb than Alloy 625 due to lower Ni content and higher Al and Ti confghtslb,
Ti, and Al form precipitates when the alloy is aged at an intermediate temperature
(approximately 65850 °C), leading to higher strength in the aged condition. The favorable
properties of Alloy 718, such as good creep resistance drititgtat high temperatures, made
the alloy useful in gas turbine engines for aircraft. In the early 1980s, Alloy 718 was considered
for oil and gas applications due to the increasingly sour environments and higher temperatures
and pressures that were read as the depth of wells increagd

Structural materials used in deep well oil and gas applications are subjected to high
pressure, high temperature (HPHT) environmentsl@MPa, 15205 °C) with expsure to
fluids containing carbon dioxide (GPand hydrogen sulfidéH.S) gag2]. Alloy 718 and its
derivatives have been used for increasingly harsh environments since the earf8[L980s
Ni-base CRAs such as Alloy 718 are chosen for these applications due to excellent corrosion
resistance under HPHIonditions[3-6]. CRAs are often subjected to cathodic protectionnguri
service to improve corrosion resistance by making the component the cathode of an
electrochemical cell. However, cathodic protection also attracts hydrogen ions to the surface of
the cathode. Sour downhole environments often include exposure to hydubfiga (HS),
which can also induce hydrogen absorption from the surface of the alloy. The presence of
hydrogen, when combined with a tensile stress on a susceptible material, can lead to brittle
failure in normallyductile materials, or hydrogen emHdethent (HE). During service, brittle
fracture behavior can result in catastrophic fai[ut8]. Thus, there are hardness limitations and

heat treatment standards and specifications for these alloys for oil and lzstiapp.



The composition, solution treatment, and aging treatment applied to Alloy 718 for oil and
gas applications are modified from those used in gas turbine applications to improve the
toughness and microstructure at the expense of favorabléamygkrature properties such as
creep resistand8]. The acceptable chemical composition ranges desicfdreAlloy 718 and
Alloy 945X in American Petroleum Institute (API) Standard 6ACRA are showilnle2.1 [9].

In Alloy 718 developed for oil and gas applications, the Nb concentration is limited to
5.20wt pct to reduce grain boundary precipitate formation. Relative to the Alloy 718
composition used in gas turbine applications, the minimum Ti and Al concentrations are
increased to stabilize intragranular precipitates in the matrix. The C and P concentrations are
restricted to improve the toughness. The solution and aging treatments described for Alloy 718
and Alloy 945X in API Standard 6ACRA, Addendum 3 are showhable2.2 [9]. The
annealing temperature is increased above 1021 °C for Alloy 718 used in oil and gas applications
to improve the fracture toughness and reduce catastrophic failure pboemts by completely
di ssolving U phase, a grain boundary phase th
toughness and HE resistarj8¢ The heat treatment used for oil and gas applications typically
produces an overaged microstructure, which limits the hardness and is easier to reproduce than
an underaged condition for a given hardness. $Bhdard 6ACRA also includes acceptable
ranges for Charpy impact toughness, Rockwell C hardness, and tensile properties for each CRA.
Table2.1 Chemical Composition Ranges of Alloy 718 and Alloy 945X (wt pct) Described in
API Standard 6ACRA9]

wt pct Ni Cr Nb Mo Ti Al Co
Alloy 718 50.055.0 17.021.0 4.875.20 2.803.30 0.801.15 0.400.60 1.00 max
Alloy 945X 52.055.0 19.522.5 3.804.50 3.004.00 0.502.50 0.01-0.70 -

wt pct Mn Si P S Cu C Fe
Alloy 718 0.35 max 0.35 max 0.010 max 0.010 max 0.23 max 0.045 max bal
Alloy 945X 1.00 max 0.50 max 0.020 max 0.010 max 1.50-3.00 0.0050.030 bal

Alloy 945X is a derivative of Ahy 718 with a composition designed for deep well
applications. An intermediate iteration of the alloy, Alloy 945 (UNS N09945), limited the Ni
concentration to 48.0 wt pct and the Nb conce
formation, as Niand Nbatb i | i z e 3Nb)[pOh ldosvever,(réioving Ni and Nb from the
alloy reduces the strength by reducing the formation of strengthening precipitates in the matrix.
Alloy 945X contains more Ni and Nb than Alloy 945 to restore the strength, bubtigelisited



to450wt pct to | imit 4 formation during typical
for All oy 945X are intended to dissolve U pha
boundary carbide formation during aging23 cabides can form after long aging times at

typical aging temperatures in Alloy 945X.

Table2.2 Recommended Annealing and Aging Heat Treatments Described in
API StandarcsACRA [9]

Minimum Solution Annealing _
UNS Yield : Age Hardening
Strength Temperature (°C Time (h)
NO7718 965 MPa 10217 1052°C 1i 25 76071 802 °Cfor 67 8 h
(140Kksi)
1034 MPa N o . 70071 750 °Cfor 61 8 h, furnace cool
NO7718 “(15oksiy 10211 1052°C 1125 16001 650°C and hold for & 8 h
965 MPa . o 6771 732 °Cfor 41 9 h, furnace cool
NO9946  1aoksiy 9901 1066°C 054 416 0i0643°C and hold for 12 h total

Both alloys have a faeeentered cubic (FCQ matri x structure that
gamma prime (26) and gamma douHdlle Tphra nmed ( 20)
precipitates (N((Al, Ti)) haveacubic(L)) cr yst al gpttatesilatea sphericalo 6 pr ec
mor phol ogy and are coherent wNb)Havet teteagonal mat r i x
(DO22) crystal structure withadiskhape mor phol ogyubedrignation 0 has a
relationship with the matrix, {10Q}{{100}, and <0013 <1003 [12]. Whi |l e 20 preci p
the primary strengthening phase in All oy 718
precipitates are metastable. The stabiNiphase is the orthorhombic (80 pliase, which has
an acicular or platelet morpholp@nd forms primarily along grain boundarj@8]. The
orientation relati onshi p|{ObO& and elm||<iI00xavithcdbnet h e ma
side of the grain boundary, though studies of
[14-16]) The 020 precipitates can transform into U
strengthening effect of odaativplycearse and $parddie grain Si nc
boundary precipitate, it does not provide strengtheningtothe mifjix Addi t i onal | y,
phase can reduce ductility and toughness. Cubig) (12:Cs carbides can form along grain

boundaries in Alloy 945X. These @ich metal carbides have a cubgbe orientation



relationshipwith one side of the grain boundaf{00},||[{100}m23ce and <0013 |<001x23cs,
and have a lattice constant approximately three times larger than that of thg h8at®%

Table23pr ovi des a s ummar yCepropertiechFegure2d(a) shmws, U, a
a scanning electron microscope (SEM) i mage of
matrix, andrigure2.1( b) shows U phase precipitates along
that @an form include niobium carbides (NbC), titanium nitrides (TiN), titanium carbides (TiC),

Laves phase, and metal carbides@/M7Cs).

Table23Summary of the Pr op e @ Precpitatesd Foumdin AllayI8 and e
Alloy 945X

. iy Crystal . .
Precipitate Composition Structure Morphology Coherency  Stability  Location
20 Nis(Al,Ti) L1, Cubic Spheroidal  Coherent Stable Matrix
20 NisNb DOz Disk Coherent Metastable Matrix
Tetragonal
o . D04 Needle or Semicoheren Grain
u NisNb Orthorhombic Plate or Incoherent Stable Boundaries
) . Needle or . _ Grain
M23Ce Cr-rich M L1, Cubic Plate Semicoheren  Stable Boundaries

(b)

Figure2Z1Scanning el ectron miaodogoaphec( $EM)
All oy 718 aged at 780 AC for 8 h and (b
at 750 °C for20h [20].

The timetemperatire-transformation (TTT) diagrams for Alloy 718 and Alloy 945X are
shown inFigure2.2(a) and (b), respective[®1,22] The TTT diagrams were generated



experimentally from the respectivibogs and reported in literature; however, small
compositional differences within the allowable ranges for the alloys can shift the precipitation
curves[21,23,24] The Alloy 718 TTT diagram is overlaid with the API Standard 6ACRA heat
treatment time and temperature ranges foBgeMPaheat treatment (blue) and the first step of
the1034 MPaheat treatment (greenfhe Alloy 945X TTT diagram is overlaid with the API
Standard 6ACRA heat treatment time and temperature range for the first step of kieed65

heat treatment (yellow). n Al |l oy 718, 0296 and 00 precipitate
between750°@nd 920 AC, followed by U phase preciopi
and 20 precipitation curve is slightly | ower
behavior as in Alloy 718. The U prigheri pitati on
temperatures in Alloy 945X. B4Csc ar bi de preci pitation is more |

times and temperatures typical of heat treatimghick sections of bar that cool slowly and
remain at the elevated aging temperature for a longetialuthan the applied heat treatment, it

is possible that MCs could precipitate during standard heat treatments.

1050 T T T T 171 II T T IIIH‘ T T T 1T T 11T 1050 T T LA R LY |
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600 L1 111 II L 1 IIIH‘ | I 600 n 1l L 11 aaaal n —

0.1 1 10 100 0.1 1 10 100
Time (h) Time (h)
(a) (b)

Figure2.2 TTT diagrams for (a) Alloy 718 overlaid with the heat treatmergsifpd by the
API Standard 6ACRA heat treatment time and temperature rangb40ksi (blue) and the
first step of the 150 ksi (green) heat treatme@tspfyright © 1991 by The Minerals, Metals &
Materials Society. Used with permissioar)d (b) Alloy 946X overlaid with the time and
temperature range for the first step of the heat treatment specified in APl Standard 6AC
(yellow) [9,21,22]



The TTT diagram for Alloy 945)n Figure2.2(b) was developed experimentally by
Special Metals Corporation from a regular array of times and temperatures overlaid oit the TT
diagram inFigure2.3[22]. The TTT diagran in Figure2.3 is overlaid with the API Standard
6ACRA heat treatment time and temperature range for the first step of tivP2geat
treatment (yellow)The coarseness of these periodic aging conditions leawss sncertainty in
the precipitation thresholds. For examples® was not observed in the 8 h condition but was

found in the 25 h condition aged at 732 °C, so the range of possible times for the ong€sof M

-

is 8 h to 25 h for the composition ugeddevelop the TTT diagram. Demetrieual. r epor t ed (
precipitation in Alloy945X aged at 790 °C for 7 h and 25 h, though the TTT diagram suggests

that O precipitation shoul d25]occur at approxim

1000 e
960
920
880
840
800
760
720
680
640

600 : :
0.1 1 10 100

Time (hours)

Temperature (°C)

Figure2.3 TTT diagram for Alloy 945X overlaid with the array of time and temperature
conditions used to develop the diagrand thetime and temperature range for thetfistep of
the heat treatment specified in AP Standard 6ACRA (yel[&v22].

211 206 and 00 Pr easeplloysati on i n Ni

26 and 20 nucleation occurs within minutes
cubic 26 and tetragonal 290 crystal symmetries
form when lattice positianin the matrix are replaced with the ordered atomic arrangement of the
precipitate latticg§14]. Thus, coherency is maintained between the matrix and the precipitates
duringpr eci pi tation and growth. The 26 and 20 pr

matrix under most <circumstances. Because 20 p



than 06 due to the tetr agon tolnucteatigngstmadh highérr uct u
for o290 (5.3 eV) compared [26p 0206 (0.8 eV) and o
Figure 2.4(a) shows the volumefact i on of 206 and the three v
aging time developed from a phase field model,igdre24( b) shows 206 (red) a
variants (green) in the matrix (blue) developed from tbdeh27]. Si nce 26 nucl eat
|l ess energy than 20 nucleation, 2906 nucl eates
shown that 0200 preci pit ateefractidnwithéhe patrix andliegpin t he e
coarsening before 0200 precipitates have reache
amount of -pWasen adh/ematwoi x system i s higher t he
threep h as e 0 0 ystem,/sonileeteisia geakthev ol ume fraction of 006
forming, as indicated by the arrow Bigure 2.4(a) [27].
0.07 - . . :
u-uE-E
e v v2
l "
= | ./.
s |
£ o EPUR SRR L o S8 S
5 vl
;0.05-_//+,4‘ff Y
%](/ e s
¥’ V3
0.04 : : : ' :
0 1 2 3 4 5 6
Aging Time (h)
(a) (b)
Figue24( a) Vol ume fraction of 06 and the t
for 5 hours in a phase field model of A
matrix (blue) fromthe phase field modeReproduced fron27].
Thediskl i ke mor phol ogy of 20 is a result of t
cubic matrix. 02900 has aphper onxaitma txe layt a h2e. 50 /pocot i

c-axis and approximately a 0.5 pct strain in the other two directions of the habif28&nEhe
disk morphology minimizes the coherency strain at the expense of the intexfanigy. Three
vari aba biite plnaneise i{nl 0tOhe
elongated disk morphology along the three {111} planes, which are oriented 120° apart, as

matri x.

ants of

10

The



shown inFigure2.4(b)[27]. o0 growt h appears to be controll
matrix [29].

The red 20 Figuel4ibpi taatee ss pihrer i c al because 020
much elastic strain energy into the | attice a
that of the matrix. The sghical morphology minimizes the interfacial energy with the lowest
possible surface ardga-volume ratio at the expense of relatively high coherency strain energy.

The driving force for 2906 coarsening is to red

Figure2.5 shows a plot of precipitate size as a function of aging time developed from
phase field modelinf27]. Both 0906 and 92 0 hgwnte coargen ih accomlanceh a v e
to the Lifshitz, Slyozov, and Wagner (LSW) theory, which states that precipitate size increases
proportionately to the cubed root of aging ti[t&,27,30] The precipitates grow quickly upon
nucl eation, then the coarsening rate sl ows wi
of the major and minor axes both increase proportionally to the cubed root of aging time during
aging, and the disk dimeter increases faster than the disk thickness. Mt@e s howed t hat
growth and coarsening models have better agreement with experimental results when the models
account for the ellipsoidal shape adpitatesod0 and t
through directional encounter during coarsenBig32] Directional encounter effectively
increases the | ength of t he maefdgesoftlexdisksare n 20
more likely to coalesce with one another than the faces.

26 and o ocomtribgecailapyé gordidn efshe strengthAdiby 718 and Alloy
945X. These fine precipitates introduce frequentdmagge barriers to dislocationation into
the matrix[33]. Coherency strain at the precipitate/mainierface causes a stress field that
interacts with dislocations and produces coherency strengthening. Ordered precipitate
strengthening, a common mechanism in precipitation hardenalbassialloys, arises from the
antiphase boundary that occurs whencghed er ed pr eci pitate i s shear e
ordered precipitates. As the shearable precipitates coarsen, the coherency strain increases until
Orowan looping becomes more energetically favorable than precipitate shearing and dislocations
loop aroundprecipitates instead. The strength of the alloys in this study is mainly derived from
20 precipitation. The strength increases up t
coarsens. Beyond the peak aged condition, the strength decreasesgstvers hear abl e 20

continues to coarsen.
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Figure2.5 Precipitate size plotted as a function of (aging tiadyring aging at 790°C for b
in a phase field model of Alloy 718&Iotreproduced fronfi27].

212 U Phase Pr ecbageiAlogst i on i n Ni

Precipitation of U phase differs fgrgom 206 a
orthorhombic crystal structure with different symmetry frénret cubi ¢ 2 matri x. U
createsahigent ropy interface between the 29 matri x
grow incoherently along {11%4}planeqg14]. The nucleation barridror U pr eci pi tati o
compared to that of 26 and 20, so U precipita
heterogeneously on grain boundarigure2.6 shows the percent of grain boundarga
occupi ed by -Nb-Fesystem a&s a fumction of Misorientation angle for a short aging
time (3 min) inFigure2.6(a) and a longer aging time (1 h)krigure2.6(b) aged at 1150 °(34].
U nucl eat es measgle graircbauhdatiey, defined bly migohentation angles above
15°, because higangle boundaries consume the least driving force during precipitation.

Figure2.7(a) and (bshowSEM backscattered electron (BSE) micrographs in the same
alloy considered ifrigure26d e monstrating the distribution of
boundaries after shor2 min) and long 24 h) aging times&1150 °C[34]. Early during aging,
only the highangle boundariesareacpi ed by U phase because these
hi ghest i1 nterfacial energy. Ganglergrain houmdaries,i p has
incoherent twin boundaries, and triple juncti¢®4,35]. U can nucleate on coherent twin
boundaries if thereisgoodant c hi ng bet ween t he ,twinhoandaryt pl ane

planes. When thereisnota{ltfyabi t pl ane variant available t
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nucleates at the boundary and grows along a habit plane into the grains at an angle with the

bourdary, resulting in the jagged appearance seé&igure2.7(b) [34,36]
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Figure26 Ar ea percent of grain boundaries o0«

function of grain boundary misorientation angle for aN¥-Fe system aged for (a) 3 min an

(b) 1 hat 1150 °34].

(@)

Figure2.7 SEM-BSE micrographs of needlei k e U
alloy aged for (a) 2 min and (b) 24 h at 1150[34].
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identical to the {112} closepacked pl ane. The stacking sequen:
eabcabygpe stacking, while the stacking sequen
is analogous to the difference between FCC and HCP stacking sequences of {111}1@lanes

A stacking fault caused by a disl octgpei on pass
sacking, and the U phase pr eTablg2idtompaestitean nuc/l e

relative coherency strains of 0 precflgitation

The strain corresponding to U0 nucleation is ¢
indicating that 20 is a favorable nugNbeati on
compositions, U phase can gtrhoew edxi preercstd yo ff roodm

Table24St rain Corresponding to U Nucl e[®f.i

Nucleation Site a-axis b-axis c-axis
2 matri 054 1.34 2.37

20 preci 0.04 0.16 0.49

The activation energy for (0 epahusiengeSEMand mat i o
X-ray diffraction (XRD) analysis and Johnshtehl-Avrami-Kolmogorov (JMAK) calculations
[37. The values for the aver agaenehbgthase/tmot i on ener
met hods wer elahd2 .18 7k HrAsmadtiven dhese activation energies are
comparabl e to Nb di f%, sodgtisdksly thahNb Niffusign®s e . 6 k J Amo
controlling mechani smtfioratada omha&snerfgyr rhatri ain pr
independent of cold rolling reduction.

At typical aging temperaturdsr Alloy 718,theb ar r i er t shighTheucl eat i on
activation energy barrier for U phashecansacl!| eat
O requires a dramatic structural change, but
of 20 nucl eati on s |[l4].c eT he rpefadreeait Soomonpe ectealelse
bel ow the 0900 dissolution temperature. As the
phase increases relative to the propensity to
(900°Ci 920AC) , above whechoombywitpbut any prior

Zhangetalobserved U phase precipitation among
in the EBSD map ifrigure2.8(b) that corresponds to the band contrast mapguare2.8(a)
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[16. NbC precipitates are stable during the an
NbC particles or encountered the NbC particles during growth.
Ni BERETiNINbC]
(b)
Figure2.8 (a)Bandcontrastmapah ( b) phase map of Ni, U0,
by EBSD, from Zhangt al [16].
Charpy i mpact toughness tends to decrease
exampl e, Kagay qualitatively described the am

which Charpy impact toughnesslues weregeported, as summarizedTable25[38]. As U
precipitaesand gows larger and more continuous along grain boundaries, the Charpy impact

toughness decrease

Table250 Preci pitate Condition and Charpy
Reported by Kaga}38]

Impact Toughness

Aging Condition U Observed at-10 °C (J)
Underaged No U 183+ 3
Peakaged Smal | U p rng soinegrain bourelaries 112 +3
Overaged ad wer e mgoc;nkéamlasa rger anc 85 + 2
Hi g h [U were | arge and freq! 60 + 1

many grain boundaries

2.1.3 M23Cs Carbide Precipitation in Ni-base Alloys
M23Cs carbides usually form at grain boundaries irbldse alloys with high Cr contents.

An example of an intergranular®Cs carbidein Haynes 230s shown in the SEM micrograph

15



in Figure2.9 [39]. Haynes 230 has a higher Cr concentration (22 wt pct) than the alloys used in

the current study and containsnoNbh e A MO0 el ement iin this carbid
Mo cansubstitute. MsCs carbides can take on many different morphologies, including

platelike, lamellae, and cellular morphologig]. Transgranular MCs carbides can inhibit

dislocation motion during formation, providing a strengthening effect, but these carbides also

draw Cr, C, and other solid solution sigémening elements from the matrix, weakening the

matrix [41]. Furthermore, Cr is a solid solution strengthening element and a majobatorttd

corrosion resistance in Niiase alloys, so reducing the Cr content in the matrix could also

compromise the corrosion resistance of the alloy.

Figure2.9 M23Cs carbide precipitated along a grain bdary in Haynes 230 alld@9]. Etched
with aqua regia.

Grain boundary ICe carbides have a cufmeibe orientation relationship with one side
of the grain bandary and share an incoherent interface with the other side. There are some
reports in literature of a transition phase forming betwegyCdand the matrixn Alloy 690
[19]. Alloy 690 has a higher Cr concentrati(#® wt pct) than the alloys used in the current
study and contains no NBxamples of flat and curved interfaces are shown in the
high-resolution transition electron microscopy (HRTEM) micrograpHagure2.10(a) and (b),
respectively. The transition region is a complex hexagonal structure with every third {111} layer
enriched in Cr. The lattice constant 0§3@s is approximately three times the lattice constant of
the matrix, so the transition region with evdnyd layer enriched in Cr provides better matching
between the {111} planes of the matrix and carbide. Transition regions are more prevalent along
curved interfaces, where carbid®trix coherency along the entire interface is difficult to
achieve, than ahg flat interfaces. The transition region is likely observed along curved

16



interfaces because these interfad@sot have favorable orientations with respect to the matrix,
while flat interfaces with favorable orientation relationships have better calyesad do not

require a transition phase at the interface.

(b)

Figure2.10 HRTEM micrographs showing interfaces between the matrix an@Gd\darbides
along (a) a flat interface and (b) a curved irgteef featuring a region of transition phase in
Alloy 690[19].

M23Cs carbides are unstable and continually evolve during-teng aging or in
high-temperature service conditiof2]. M23Ce carbides initially precipitate with a spherical
morphology. When the carbide encounters a barrier such as another precipitate, the carbide
begins to grow preferentially in one dirieet and becomes dendritic. During leteym thermal
exposure, MeCs can transform further into flowdike dendrites showm Alloy K452 in
Figure21l( a) wi th 206 forming i n t harblocksgandregalarbet we €
polyhedron morphology shown Figure2.11(b) [42]. Alloy K452 contains 21 wt pct Cr and no
Nb. Generally, grain boundary MCs carbides form with platelike morphology oriented along
the boundary, but the carbides can transform from planar to equiaxed morphology during

coarsenind39].
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(b)

Figure2.11 Morphologies of MsCs in Alloy K452 aged at 900 °C for (a) 1000 h and
(b) 5000h [42].

Donget al.showed that theoom temperatur€harpy impact toghness decreases with
M23Ce precipitation along grain boundaries compared to conditions in whieGesMnly
precipitated within grains test alloy GHRA-2, as shown ifrigure2.12. Test alloy GHRA-2
contains 22wt pct Cr and 0.03 wt pct NBhe Charpy impact toughness was reduced
significantly by M3Cs precipitation along grain boundaries, suggesting tha€bhrain

boundary precipitation can be deleterious to Charpy impact toughness.

440
~400
-
2360
£
%0320 i M23C6 n
£ 280 + Matrix Only
%240 s
—~ 2001
P
g 160 - Grain Boundary

6 20l M2;Ce @ |

80 1 1 1 Il 1
0 02 04 06 08 1 12
Weight Percent M,,C, (pct)

Figure2.12 Room temperaturel@rpy impact toughness plotted as a function of weight
percent MsCs in test alloy GHRA-2 [43]. Conditions in which MsCs was observed only in
the matrix and both in the matrix and along grain boundaries are noted.

18



2.2  Hydrogen Embrittlement in Ni-base CRAS

Hydrogen embrittlement isghenomenon through which materials exhibit reduction in
strength, ductility, and toughness due to interaction with hydrogen. In instances of HE in oil and
gas applications, hydrogen is absorbed by the material during service in what is typically
classifiedas environmentalhassisted crackin$,44]. In the case of downhole structural
equipment, hydrogen from the sour environment and cathodic protection of drilimmpoents
causes the Nbase superalloy, a higgtrength and susceptible material subjected to high pressure
during service, to fail in a brittle fracture mode. Since there is uncertainty regarding the cause of
HE, there are several mechanisms proposedabie mechanisms commonly cited in instances
of HE in Ni-base alloys include hydrogemhanced decohesion (HEDE) and hydregehanced
localized plasticity (HELPJ45,46] The HEDE mechanism proposes that hydrogen can reduce
atomic bond strength and, when concentrated at grain boundaries, cause intergranular fracture
when stress is appligd7]. The HEDE mechanism is often associated with intergranular fracture
observed as a result of H&]. The HELP mechanism proposes that planar slip is made easier
for dislocations in the presence of hydrogen, causing a local increase in plasticity. Because of
this increased dislocation mobility, there are more dislocatislocation interactionsn some
instances, limited crosslip is also reported, resulting in macroscopically brittle fracture. There
are various theories as to how HELP manifests in brittle fracture that sometimes appear to be at
odds, as limited cross slip is generally assedatith low stacking fault energy and low
dislocation mobility, while low spacing between dislocations is associated with high stacking
fault energy. Robertson and Birnbaum observed increased plasticity in the presence of hydrogen
throughin situ TEM defomation in an environmental c¢#9,50] When held at a constant
stressa static crack began propagating when hydrogen gas was added to the environment, and
deformation and crack propagation ceased when hydrogen gas was removed, indicating that

introducing hydrogen enhancbkdth microscopiadeformation andnacroscopicrackgrowth

2.2.1 Precipitate Effects on Hydrogen Embrittlement

Hydrogen embrittlement susceptibility tends to increase with increasing alloy strength
and increasing U concejf2j5]aObasietal.foandthatg gr ai n bo
strengthening by 26 and 0200 precipitation had
slow strain rate (SSR) tens#épecimens of Alloy 718 and Alloy 949%2]. In Alloy 945X, the
strength and HE susceptibility increased with
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718, the HE susceptibility and strength incre
condition, then decariarsg@e di nwitthhe faiwvdrhaege d o0c crodi
formation. Once U phase began to precipitate
susceptibility increased with decreasing yield strengthetal. demonstrated that the HE

susceptibility increasedwWwit i ncreasing volume fraction of 020
SSR tensile specimens in the phKegayalso of U0 pha
observd i ncreasing HE susceptibility with increa
in Alloy 718 for smooth SSR tensile specim¢gbi3).

In ISL tests of notched tensile specimens subjectedsitu cathodic charging, Kagay
compared three underaged dd& a@nnmdiithicoresa swintgh 2i0
similar 290 and 296 vol ume Figurealda)ishows the relatibristep a b s e
bet ween 200 size and stress i nitfoethesthee¢ undefaged t or f
conditions (labelled Undeaged 710, Doublaged, Undeaged 680]53]. Increasing the size of
underged 0200 precipitates decreased the HE susceyg
resistance and decreasing stress intensity factor for unstable crack growth, despite increasing the
strength. Thermal desorption spectroscopy (TDS) experiments irdlicateh at 26 and 20
precipitates had no effect on hydrogen trapping, so the differences in HE susceptibility between
aging conditions were attributed to differences in the yield strength and work hardening behavior
[53]. The true stresstrain tensile curves are showrFigure2.13(b). Kagay observed that the
work hardening rate decreased and the yield s
underaged conditions. It was interpreted that increasing the yield strength increases the stress at
the notch required to move dislocatso the stress intensity factor required for unstable crack
growth is higher for higher yield strength conditions. For a given stress intensity, a higher work
hardening rate indicates that there is a greater extent of dislocation accumulation ahead of th
notch. During cathodic charging, hydrogen interacts with dislocations to cause transgranular
crack propagation. Thus, it was interpreted that more dislocation accumulation results in more
dislocatiorhydrogen interactions and increased hydrogen semgitivconditions with a higher
work hardening rate. These two effects combine to increase the fracture toughness for unstable
crack growth in notched specimens despite increasing the strength of the material.

Kagay also compared oodeonadetdi oosawdt bveoa

|l evel s in the absence of U inpiluveathediccharginfg@]. t he | S
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The conditions labelled Undaiged 680 and Ovexged 680 irFigure2.13 were designed to

meet these parametd&3]. The HE susceptibilityincreesd wi t h 20 preci pitate
between the underaged and overaged conditions. As shdviguire2.13(b), the underaged and
overaged conditions aged at 680 °C had similar yield strengths, but the work hardenings

higher for the overaged condition. Increased work hardening rate indicates more dislocation
accumulation, which results in more hydrogen sensitivity at a given stress intensity. It should be
noted that these tests were conducted wmiitu cathodc charging and no preharging, so

dislocation motion was largely unaffected by hydrogen ahead of the notch, especially following
crack initiation when hydrogen did not have time to penetrate far below the surface at the crack
tip to interact with dislod#ons. In precharged specimens, hydrogen interactions deeper below
the surface could impact dislocation interactions differently during loading and lead to a different
mechanism dominating failure. Mart# al provide evidence for extensive dislocatemil

networks that form beneath the surface during deformation affaeyed Ni specimens and

suggest that these subsurface dislocation structures contribute to hyohagesd intergranular

crack initiation and propagatidb4].

95 T T T T T T ]800 T T T T
g Under-aged 680
90l ., Under-aged 680 | 1600 ‘OV{r‘ aged 680 K’Double—aged
1400 - T
=
T 85r . % 1200, 1
= 2 1000 Under-aged 710 ;
E 801 Over-aged 680 g 200 _
= . Q
M 75 Double-aged T E 600 T
400} ]
or , Under-aged 710 | 200+ i
65 1 L 1 1 L 1 O L 1 1 1
10 15 20 25 30 35 40 45 0 0.1 02 03 04 05
v" Diameter (nm) True Strain
(@) (b)

Figure2.13(a) Stress intensity for unstable crack growkh,p | ot t ed as a f
diameterf or s dreeeaging conditions of Alloy 718 and (b) corresponding true
stressstrain curves for each conditi¢b3].
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2.2.2 Hydrogen-Affected Fracture Surfaces

Fracture surfaces of hydrogen free and hydrggecharged SSR tensile specimens of
aged Alloy 718 are shown Figure2.14(a) and (b), respective[$5]. In noncharged specimens,
ductile Nibase alloys exhibit a microvoid coalescence morphology characteristic of ductile
fracture. Since hydrogen reduces the extematroscopi@lastic deformation,
hydrogenaffected specimens tend to exhibit a facetedomalogy characteristic of brittle
fracture. The severity of embrittlement depends on the charging and testing parameters and the
alloy composition and thermal history.

Precipitates can influence the fracture path in hydradpamged specimens. In
prechaged SSRtensie s p e c HreedAlog 718 Eracks propagated preferentially along
dislocation slip bandg!8]. Li et al observed that transgranulaacking was dominant in a
condition with Iittle or no U4 and that the fr
wi t h mor e (56]pFigere2ilja) andi(b) show fracture surfaces of compact tension
(CT) specimens of Alloy 718 that were aged to produce doralih s wi t hout and wit
along the grain boundarigs6]. The CT specimens were-¢harged before and during the tests.
Il n the absence of U phase, a transgranul ar fr
Figure215( a) . When U0 phase i s pr @efeeentbllya@dcks alang b ound s
grain boundaries, and an intergranular fracture morphology dominates, as shown in
Figure2.15(b).

(b)

Figure2.14 Fracture surfaceof Alloy 718 SSR specimens aged@® °C for10h and tested
(a)in the hydroge#free condition and (kgfter cathodic precharging to 33 wt ppni33].
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Figure2.15 Fracture surfaces of-eharged Alloy 718 CT specimefs) without and (byv i t
phase alog the grain boundarig¢56].

2.2.3 Hydrogen Trapping
Hydrogen trappig occurs when hydrogen moves to a site with strong bonding energy
between hydrogen and the surrounding lattice. Hydrogen traps are characteinzaesble
sinks into which hydrogen enters and remains during testingeadsibletraps in which
hydrogen is stored and can act as a hydrogen source during {&3finghe reversibility of
trapping depends on the trapping energy of the site. Irreversible traps such as high angle grain
boundaries and incoherent carbide particles have high trapping energy, while reversible traps
such as dislocations amgin boundaries have intermediate trapping en¢sgy. The activation
energy for irreversible trapping sites such as incoherent interfaces is generally high, so hydrogen
absorption ishought to be limited in cathodic charging conditions at room tempef&@iterhe
trappi ng e n e'isgcynsidefed té & thé thrédshol between reversible and
irreversible trapping60-62].
Ti and Nb carbides and carbonitrides are irreversible trapsioasé alloys with reported
binding energiesof 78 7 k 3[B8%063]. One study reported the tr
30 k3IAmohli I e another reported1BEH68] Thesedipdng ng e n e
energies indicate that U0 is a reversible trap
the trappingengry of 296 and 20 i rkJIAho232adt k3@B3wdlar y fr o
Kagay reported thatno TDSpeakw observed for 26 and 20 trapp
at 21 'kasAmodsociated with diffuS3.ble hydrogen
Hydrogen trapping is often evaluated through the peaks observed with TDS; however,

TDS does not indicate the location of the trapping sitet, isadifficult to pair peaks with
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corresponding site§5,66]. One recent study used NanoSIMS to observe hydrogen segregation

about precipitates and carbonitrides in-pharged specimens of Alloy 7186]. A NanoSIMS

scan across a U precipitate and the correspon

Figure2.16. Figure2.16( b) shows a | ine scan of deuter

indicated by the yellow region irigure2.16( a )phasetwas found to adsorb a higher hydrogen

concentration than the matrix while carbonitrides adsorbed less hydrogen than the matrix, and

the interfaces were not enriched with or depleted of hydrogen. It was hypothesized that the
hydrogen is attractedtbe Nbr i ch O phase because Nb has
octahedral interstitial sites of the Nai@pe structures of carbonitrides are the preferred

interstitial sites for H, but these sites are occupied by C or N, so the H solubilitypohiteades

a

is relatively low as a result. The study hypothesized that hydrogen can induce cracking at the

t-matrix interface through a HEDEpe mechanism since the interface is enridhddydrogen

rel ative to the matri xitaiue to enri chment
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Figure2Z1l6Nano SI MS scan across a
deuterium concentration and (
(a) [16].

precipita
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Microstructuralfeatures such as dislocations, precipitates, and grain boundaries can
interact with hydrogen, either accelerating hydrogen diffusion by offering preferred diffusion

paths or hindering diffusion by trapping hydrogen. Trapping generally decreases the net
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diffusivity and increases the net solubility of hydrogen through the sitme hydrogen
preferentially moves to trapping sites to reduce the energy of the systethe absorbed
hydrogen cannot move freely in the alloy once it is trapped. The effedtiveity is reduced
by introducing hydrogen traps through plastic deformation (dislocations) or precipitation

hardening (precipitates) compared to the solutionized cond&idn

2.3 Hydrogen Embrittlement Evaluation Methods

Hydrogen embrittlement sensitivity can be evaluaiadeveral different methods. Most
commonly, HE is evaluated through slow strain rate tetesligng or accelerated fracture
mechanics testing methods. Due to differences in strain rate, specimen geometry, and charging
condition, different evaluation methods might vary the severity of HE mechanisms and yield

different conclusions from experimetitan.

2.3.1 Variables Considered in Hydrogen Embrittlement Evaluation

The strain rate of HE tests can affect the extent of hydrogen embrittlement. Fetatier
observed that the HE susceptibility increased with decreasing strain ratechmapged
specimen®sf Alloy 718[17]. This strain rate sensitivity of hydrogen embrittlement was
attributed to a dynamic strain aging (DSA) effect. At highistrates, hydrogen charging had no
effect on tensile properties. At slow strain rates, dislocation motion is slow enough that hydrogen
can diffuse to pin dislocations, and this interaction increases hydrelgad effects on tensile
behavior.

Notched pecimens can be used to evaluate the stress intensity factor. &adge
compared SSR tests for ptearged smooth and notched specimens of Alloy 718, Alloy 945, and
Alloy 945X, and found that notches generally amplified the sensitivibydrogenespeially in
high-strength conditionf68]. Under an applied tensile stress, the triaxial stress state increases
the volume of the lattice, so the hydrogen solubility at the notch is increased. The local hydrogen
concentration near the notch canrgase because the hydrostatic stress near the notch reduces
the chemical potential of hydrogen in accordance with Equation 2.1,

'Q - ,Q1 - ’Q) (2 . 1)
whereen is the chemical potential of hydrage/w is the partial molar volume of hydrogen, and

Ui is the mechanical stref89,70] Reduced chemical potential results in increased hydrogen

concentration.
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The charging condition is important to the sensitivity of HE tests. Fowghar
compared the HE susceptibility of pcharged andh situ cathodicallycharged smooth SSR
specimens of Alloy 718L7]. Precharged specimens exhibited less reduction in plasticity
compared ton situcharged specimens. For priearged pecimens that do not allow time for
hydrogen to diffuse evenly throughout the thickness, hydrogen is present in an outer ring near the
surface. Once the crack begins to propagate deeper than the hyalffegésd ring, plasticity is
restored. Under cathadcharging, however, hydrogen is always present at the surface of the
crack tip. During slow crack propagation undesitu charging, hydrogen interactions at the
crack tip reduce the plasticity as the crack propagates. When the crack begins to ptopagate
quickly for hydrogen to cause embrittlement at the crack tip, the fracture mode transitions to

ductile failure.

2.3.2 Slow Strain Rate Tensile Testing

SSR tension tests of smooth orqaracked tensile specimens are commonly used to
compare the environmenitydassisted cracking susceptibility of different samples in an
accelerated manner. SSR testing is described in ASTM Standard @] 2By using the same
geometries and experimental parameters for charged anchaoged conditions, the hydrogen
sensitivity results from SSR tests can be presented as a ratio of tensile properties between the
charged andioncharged conditions, including yield strength ratio, ultimate tensile strength
ratio, elongation ratio, and reduction in area ratio. Parameters including strain rate, specimen
geometry, charging condition, and other details of the SSR test are nairdiaed in the ASTM
standard or elsewhere in the field of HE research, so it is difficult to compare results between
different publications. SSR testing is favorable because tests are relatively short in duration, the
tensile property ratios are easy torguare between conditions, and the setup is straightforward.
However, there is no technique currently available to derive the stages of crack initiation, stable
crack growth, and unstable crack growth during SSR tests, stages which are especially important
in high-toughness materials that resist fracture. Additionally, the local stress at a crack tip is
different for materials with different strength levels, so different conditions cannot be directly
compared72].
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2.3.3 Accelerated Fracture Mechanics Testing

An alternative to SSR testing is accelerated fracture mechanics testing. The rising
displacement (RD)etsting method used for accelerated fracture mechanics testing is equivalent
to a SSR test with a notched orqoracked specimen. The specimen is subjected to a slow,
constant loading rate or constant displacement rate to allow sufficient time for hydrogen
absorption and diffusion into the sample. ISO Standard-8588scribes the RD test method,
including a direct current potential drop (DCPD) method used to indirectly measure crack
propagation during the tefst3]. For DCPD, a constant current is applied across the notch or
pre-crack, and the voltage across the notch is measured. As the crack beoresjdtance across
the notch increases and the voltage decreases relative to a reference voltage measured away from
the notch.

ASTM Standard F1624 describes the incremental step loading (ISL) test method for
steels, including details for determiniagappropriatdoad step increment and hold time and
deriving the threshold logd@4]. During the ISL test, the load is repeatedly increased by a fixed
increment and held at constant displacement for a fixed time until failure. The loading profile
from an ISL test is shown iRigure2.17. The threshold load, is the load of the step before
crack initiation, which is observed as a drop in the load during the coulssaldcement hold.

Under the applied load, hydrogen entering the specimen darsgig charging is attracted to
stress concentrators, es@lgi near the notch. Gradual loading during the test allows time for
hydrogen diffusion. The load reached one step prior to a decrease in load during the constant
displacement hold is used to determine the threshold stress intensity factor for cracktpmopag
[74].

Fracture mechanics testing is advantageous because the result is a material fracture
toughness property that can be applied to industrial design. Notcheslavapked specimens
are subjected to a triaxial stress state from the beginning of the test, so the loading condition does
not change during the test. Therefore, the HE susceptibility of conditions with different strength
levels can be compared directlyeedless of differences in plastic deformation that would exist
in smooth specimeri32]. The local loading condition can affect the observed HE susceptibility
and mode bfracture, which can result in different conclusions compared to SSR testing smooth
specimenskorexample, Kagagt al.reported an inverse relationship between the stress

intensity factor for unstable crack growth,, kn notched specimen ISL and RDtteand the
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el ongation ratio in smooth speci men SSR
the grain boundarid32]. Ky determined through ISL testing is plotted against the total
elongation ratio derived from SSR testindg-igure2.18. In this plot, the peakged condition is

the only conditorpr esent ed t hat contains U phase.
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Figure2.17 Step loading profile from an incremental step loading (ISL) test for Alloy 945;
with the threshold load,«R indicated.

100 T T T T T T T T
90+ Under-aged 680 e -
~ 80T Over-aged 680 o 1
E 70+ Double-aged .
> Under-aged 710
7 60 .
50 1
. Peak-aged
40 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
Total Elongation Ratio (pct)

Figure2.18 Stress intensity factor for unstable crack growth,d€termined through ISL
testing of notched specimens, plotted as a function of total elongation ratio determined 1

SSR testing53,72].
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CHAPTER 3. EXPERIMENTAL PROCEDURE

The experimental procedures for heat treatment selection, mechanical testing, hydrogen
embrittlement evaluation, and cheterization are described below.

3.1  Preliminary Heat Treatment Investigation
Alloy 718 and 945X were received as 19.1 mm (0.7%ainproducechot-rolled plate

approximately 10 cm (4 in) in width. The alloy compositions are showalirhe3.1.

Table3.1 Chemical Composition of Selected-biase Alloy Grades (wt pct)

wt pct Ni Fe Cr Nb Mo Ti Al Co
Alloy 718 53.30 17.90 18.5 5.07 2.88 1.01 0.52 0.20
Alloy 945X 53.60 14.30 20.80 4.39 3.19 1.50 0.12 0.20

wt pct Mn Si P S B Cu C

Alloy 718 0.11 0.07 0.008 0.00001 0.003 0.09 0.015
Alloy 945X 0.07 0.06 0.010 0.00001 0.002 1.94 0.008

An initial heat treatment investigation was conducted for both alloys to select conditions
for thesubsequent HE investigation. The objective of this initial survey was to identify
conditions with comparable hardness but diffe
M23Cs formation in Alloy 945X. A similar hardness was sought to avoid streraj#ted effects
causing differences in HE susceptibility between conditions, as strength typically correlates with
HE susceptibilityf52,75] Heat treatment times and temperatures were selected near the range
specified in API Standard 6ARA [9]. For Alloy 718, the aging temperature range is 700 to
750°C, and for Alloy 945X the range is 677 to 732 °C.

The alloys were annealed at 1050 °C fd& 2 in box furnaces and water quenched to
solutionize all precipitates prior to agifgo grain boundaryi 0 2tCs pivkcipitats were
observed in the solutionized condition of either al®wall coupons sectioned from the
annealed plates were aged in Iiepnaces and air cooled. The arrays of aging conditions selected
for the initial heat treatment investigation are indicated by points on the TTT diagrams in
Figure3.1(a) and (b) for Alloy 718 and Alloy 945X, resggely.
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Figure3.1 TTT diagrams for (a) Alloy 718Copyright © 1991 by The Minerals, Metals &
Materials Society. Used with permissioar)d (b) Alloy 945X with overlaid points indicating
the times and temperatures of aging conditions in the initial heat treatment investigation
[21,22]

Each heatreated sample was sectioned in half after agmdjthe central portions were
evaluatedo avoid surface effects from the furnace in the analysis. The samples were mounted in
Bakelite and ground with 24820, 400, and 600 grit SiC grinding papers. The samples were
polished by hand according to the procedure describ&dhle3.2.

Table3.2 Polishing Procedure for Metallagphic Preparation for SEM

Polishing Medium Lubricant Pad Time (min)
6 e m di anm Alcohol-based extende Ultra Silk

3 e&m di am Alcohol-based extende LECO LeclotH

1 em di anm Alcohol-based extende LECO Lecloti™
0.05 em col None Red Felt

A OWNPE
o1 o1 01Ol

Vickers microhardness indentation testing wasdeted on polished surfaces according
to ASTM E384 using a 1000 g load and a 10 s dwell time to compare the condiipriche
microhardness values for select conditions are overlaid on portions of the TTT diagrams in
Figure3.2. The sandard deviation in microhardness is approximately 10 HV. For SEM
characterization, polished surfaces were etched within 5 min of the final polishing step. Alloy
718 was etched with Khhydracmogdasid, N0 mL ethaneltSgh ant (

copper(ll) chloride) for approximately 10 s. Alloy 945X was etched with seven acids etchant
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(2100 mL hydrochloric acid, 10@L water, 20mL nitric acid, 8 mL 50 pct hydrofluoric acid,

10 mL sulfuric acid, 20 mL acetic acid, 10 g anhydrous ferric chloridegpproximately 10 s.

The etched microstr uct 140 fermation@long thesgcam eoceindarids f o r
using a JEOL® 7000F field emission scanning electron microscope (SEM) at 5000x

magni fication. The condi t i 918 and MG waslobserntfediti wa s
Alloy 945X are circled in red ifrigure3.2. However, after further investigation of selected heat
treatment conditions at 20, 00 £Cswemnalgaddantifiedc at i on
in the conditions circled in blue. For All oy
phase curve in the TTT diagramkigure3.2(a). Higher magnification imaging also indicated

that MpaCe predpitation in Alloy 945X occus sooner than indicated Figure3.2(b). The TTT

diagrams are also overlaid with the time and temperature ranges for the first steps of the
respective API Standard 6ACRA heat treatmémtshe alloys.
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Figure3.2 Portions of the TTT diagrams for (a) Alloy 7{®@opyright © 1991 by The
Minerals, Metals & Materials Society. Used with permissiang (b) Alloy 945X wih
overlaid points indicating the times and temperatures of aging conditions in the initial he
treatment investigation and corresponding Vickers microhardness ifi H\vdiagrams are
overlaid with the time and temperature ranges specified in the épstaftthe respective API
Standard 6ACRA heat treatmewistliinedin (a) green and (b) yellow€Conditions circled in
red indicate t hos eCswereohserved &t 5000x jnagnification dwhile
conditions circled in blue indicate respective grain boundary precipitates observed at 2C
or greater magnificatiof®9,21,22]
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The heat treatments selected for the HE study were 750 °C for 6, 12, and 20 h and 730 °C
for 6, 12, and 2@ for Alloy 718 and 732 °C for 6, 12, and 20dr Alloy 945X. These heat
treatment times and temperatures atbaated by the points on the TTT diagram§&igure3.3.
All Alloy 718 conditions aged at 750 °C and the Alloy 945X conditions aged at 732 °C have
similar hardness, while the Alloy 718 conditions aged at 730 °€ hiaher hardness. The
selected conditions lie within the temperature ranges specified in APl Standard 6ACRA, and

t hey s p a n20sthresholds iathedespédctive alloys.
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Figure3.3 TTT diagrans for (a) Alloy 718 Copyright © 1991 by The Minerals, Metals &
Materials Society. Used with permissioar)d (b) Alloy 945X with overlaid points indicating
the times and temperatures of selected aging cond[45a2].

3.2 Hardness, Tensile, and Charpy Impact Testing

Heattreated plates were machined intogile and Charpy specimens to test the ambient
mechanical properties and compare trends in these properties to the corresponding HE
susceptibility. These tests establish the baseline mechanical properties for each condition in the
absence of hydrogeRou tests of each heat treatment condition were conducted for tensile and
Charpy impact testing.

For each alloy, uniaxial tensile testing was conducted at ambient temperature on subsize
tensile specimens at an engineering strain rate of 0.000@5 an Insru-Met® ReNew 1125
load framd77]. A diagram of the subsize tensile specimen is shovagre3.4. Tensile

testing is used to measure the strength and ductility, properties that change with intergranula
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precipitate nucleation and coarsening. Rockwell C hardness tests were conducted according to
ASTM E18[78]. Charpy \‘notch impact toughness tests were conducted according to ASTM
E23 using an MTS® Exceed E22 pendulum impact testing mafHheCharpy specimens

were machined in the longitudinal direction with the notch pointing in the long transverse
direction (L-T orientation) and were tested-&0 °C. The triaxial stress state imposed by the
notched geometry during Charpy impact testing makes this test setesigran boundary

precipitates, which can diminish the impact toughi43%53]

(107)
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Figure3.4 Subsize tensile specimen drawing, with dimensions in millimeters

3.3  Metallographic Characterization

Metallography samples were sectioned from the-treated plate and polished to
0.05e m f i ni sh wiOt amples Wdretched aithin 5Anhin of the final polishing
step to avoid oxide formation before etching. Metallographic preparation wasctesdu

according to the procedure described in Se®idn Al | oy 718 was etched wi
for approximately 1®. Alloy 945X was etched with seven acids etchant for approximately 10 s.

A JEOL® 7000F fied emission scanning electron microscope (SEM) was used to characterize

t h e U2Capredipittdes along grain boundaries in the etched microstructures and fracture
surfaces at magni fications up to 20,000x. 20
Kallingds No. 2 using a FEIE Helios 600i SEM
specimens used for grain size measur®mamnts we
etched in Kallingds No. 2 et c haboundafiesenougtp pr o x i

for low-magnification light optical imaging. The grain size was measured in light optical
microscope (LOM) images from an Olympus® DSX500 microscope using the three circle
method described in ASTM E1120]. Energy dispersive electron spectroscopy (EDS) was used
to identify the grain boundary precipitates using a FEI® H&io0i SEM. A FEI® Quanta 600i
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SEM was used to image Charpy fracture surfaces following Charpy impact testing using both

backscatter electron (BSE) and secondary electron (SE) imaging modes.

3.4  Hydrogen Embrittlement Testing
Circular notch tensile (CNT) spetens were machined from heat treated plate in the
longitudinal direction. The major diameter of the specimens was 12.7 mm (0.50 in), while the
notch diameter was 6.35 mm (0.25 in). The notch root radius was machined to 0.086 mm
(0.0034 in). A diagram ahe CNT specimen is shown kigure3.5. Based on the stress
concentration factor (i calculation for the CNT specimen geometryPiet er sond6s Stres
Concentration FactorsK: for the geometry ifrigure3.5 is approximately 6.081]. Leeet al
showed that stress concentration factors of 6 or greater can be compared to the fracture

toughness of precracked compact tension specifB8hs

(103)
Notch Radius: 0.086 mm

508 X
165 0635 03 K/

L xi3 une (x Z)Z \
60°>\

Figure3.5 CNT drawing used for ISL testing specimens, with dimensions in millimeter

CNT specimens were tested with an incremental step loading (ISL) technique on an
electromechana InstruMet ReNew® 1125 load frame, and crack propagation was measured
using a direct current potential drop (DCPD) methidtee specimens were tested per heat
treatment conditionA plot of load versus time with a 2669 N (600 Ibf) load step and 2dikol
shown inFigure3.6. During ISL testing, a slow displacement rate is used to reach a target stress,
at which time the specimen is held at the associated displacement for a defined period. Then, the
specimen iglisplaced to the next target stress based on the defined stefhgizgror inherent
to each t es?tS the diffefincgin siresMiemshtyrbetween load steps.

Cathodic charging was appligtsitu during testing. The step size was 2669 N, which
translated to 681Pa of stress for the CNT geometry used, aedhtbid time at each step was
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2h . During testing,

H>SOy solution.

CNT specimens were wired for DCPD measurements with one pair of wires applying
constant current across the notch, one @lavires measuring voltage across the notch, and a
third pair of wires measuring a reference voltage on one side of the notch. A schematic of this
setup is shown ifigure3.7. A constant current of & was appliedacross the notch, and the
ratio of the notch voltage to the reference voltage, the notch voltage ratio (NViRyovesed
every 5 sAn increase in voltage ratio indicaterack growth at the notch, as the resistance

t he s pcarent deasityn adH M

through the sample increases with crpobpagation.

50000 ,

45000
40000
35000
% 30000
g 25000
— 20000
15000
10000
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Figure3.6 Load versus time plotted during an ISL test with 2660 N load step and 2 h hol

times at constant displacement.
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Figure3.7 DCPD curent and voltage wiring across the notch in a CNT specimen.
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Points of stable and unstable crack growth initiation are indicated on the NVR plot
collected through the DCPD technique and showkigare3.8. Stablecrack growth begins
when the NVR increases during the load increase but remains constant during the
constaridisplacement hold between load stepdicating that the crack does rauntinue to
propagate during the hold. Unstable crack growth is assoeiétedn increase in the notch
voltage ratio while the displacement is held constant. The starting points of stable crack growth

initiation and unstable crack propagatemeindicated on the plot ifigure3.8.

50000 —r—— — ——1.032

45000 | o2

40000 | | o

35000} NVR |
230000 | yorsa
3 25000 [oeg
S 20000

15000} Stable 11.008

10000 Crack 11.004

5000 } 1

0 1 I I 1 1 L 1 1 0996
0 5 10 15 20 25 30 35 40 45 50
Time (h)

Figure3.8 Notch voltage ratio (NVR) from DCPD measurements and load plotted as a
function of time for an ISL test.

The stress intensity factor for unstable crack growthjd<calculated from the lod@lat

which unstable crack growth occurs using Equatiorf&3],
0 — “Q wo (3.1)

whered is the notch radius is the crack lengtiD) is the unnotched radius, akds given by

Equation 3.2,

o p —z-Zp -— - — ™ ¢ 6— & 0 p— (3.2)

CNT specimens for each condition were tested using an {htiReNew® 1125 load
frame under quasistatic tensile loading in air at a displacement rate of m00@28 compare
with the stress at which unstable crack growth initiated in the chaegeplesTwo specimens

were tested in air for each Alloy 718 condition aged at 750 °C, and three specimens were tested
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in air pereach other heat treatment conditivialid fracture toughness experiments were not
obtained in the specimens tested in airdose of the high degree of plasticity at the notch.
Instead, the stress at which unstable crack growth began during the ISL test under cathodic
charging was compared to the notch tensile strength of the quasistatic tensile tests in air. In
addition to K, the ratio of stress for unstable crack growth under cathodic charging to notch
tensile strength in air was used as another measure of HE susceptibility.

Fracture surfaces of cathodically charged CNT specimens were analyzed after failure
using SEM up to 500x magnification. The fracture surfaces were compared for indication of

how thermal history affected the morphology of hydregetuced failure.
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CHAPTER 4RESULTS

In this chapter, the microstructures and mechanical properties efféatatd Alloy 718
and Alloy945X are presented. Hydrogen embrittlement susceptibility was assessed in terms of
the stress at which unstable crack growth initiated and the ratio of the stress for unstable crack
growth in cathodicallicharged specimens to the notch tensile strengir.ifhe fracture
surfaces for specimens tested under cathodic charging were analyzed to infer differences in

fracture behavior between conditions.

4.1  Microstructural Analysis

All conditions exhibited similar appearance when examined in light optical magrgsc
and low magnification scanning electron microscopy. Light optical micrographs of the
asreceived hotolled plate for both alloys are shownkigure4.1. The asreceived
microstructure is partially recrystaléd, with large, deformed grains and fine recrystallized
grains that formed during the hot rolling process. dtientation of the plates indicated on each
micrograph. The micrograph of Alloy 718 kigure4.1(a) siows that the deformed grains are
generally oriented in the same direction because of hot rolling. The micrograph of Alloy 945X in
Figure4.1(b) has more periodic banding of recrystallized grains, while in Alloy i#fe

equiaxed, recrystallized grains formed in the grain boundaries of deformed grains

®)

Figure4.1 Light optical micrographs of the asceived microstructure for (a) Alloy 718 and
(b) Alloy 945X. Theplate orientations indicatedwith the rolling direction (RD), transverse
direction (TD) and normal direction (ND9r each condition.
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The micrograph irFigure4.2 is a low magnification SEM imagof the Alloy 718
microstructure after solutionizing at 1050 °C for 2.5 h and aging at 730 °C for 20 h.

Carbonitrides are indicated in the image. The high temperature solutionizing treatment dissolved

precipitates in the matrix and along grain boundegiesc h as 26, 920, and U
bimodal grain size distribution from partial recrystallization observed in thecasved

condition.No grain boundary MCsor U phase were observed in
While grains do not coarsen stdnstially during the subsequent aging step, the elevated
temperature allows solute diffusion through the supersaturated solution for precipitate formation

during aging. Grain boundary phases, 26 and

resolved alow magnification.

Figure4.2 Low-magnification secondary electron SEM micrograph of the microstructure
Alloy 718 heat treated at 730 °C for 20 h

The average grain sizes measured for all conditiangigen inTable4.1. The grain
sizes were larger in the Alloy 718 conditions aged at 730 °C compared to those aged at 750 °C
because the former were solutionized a second time after aging due to a mistake in aging
temperature. The Alloy 945X conditions have a similar grain size to the Alloy 718 conditions
that underwent a single solutionizing treatment from theeesived condition. The aging
treatment did not have a significant effect on the grain size, as thef geinditions with
identical solution treatments and different aging treatments had similar grain sizes.

Kagay examined grain size effects in a peak aged condition that was aged at 760 °C for
6h and cont ai ned 0[38 Thiscapditignreghibited sinolar praperties te s
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the conditions used in this stud§agaystudieda small grain size condition with aadified

solution treatmerait 1021 °Cfor1fthatr esul t ed i n a 57 em mean i nt e
the 129 em mean intercept | e nhgtiwhssaufioniztetaa st and
1050 °C for 2.5 §38]. The impact toughness was slightly lower in the small grain size

condition, but the reduction in grain size had no statistically significant effect on HE resistance
measured by SSR tensile test|B8]. Moreover, the difference in grain size should be more

significant at smaller grain sizes in accordance with thePitith réationship, and the grain

Sizes in the present study are TheAlgyr/t8 t han t h
composition used in the current study i s si mi
(0.2 wt pct compared to 0.33 wt godbm Kagay and S (0.00001 wt pct compared to

0.0004wt pctfrom Kagay compositions differing between the two reported composifi@dis

Table4.1 Grain Size of Alloy 718 and Alloy 9454fter Solutionization for 2.5 h at 1050 °C an
Aging for the Specified Heat Treatments

Alloy Heat Treatmen Mean | nt er ce
750 °C,6 h 105 £ 13
750 °C, 12 h 111 +£5
718 750 °C, 20 h 110+ 10
730°C,6 H 178 £ 10
730 °C, 12 h 188 + 21
730 °C, 20 K 173+16
732°C,6h 106 + 11
945X 732°C,12h 1107
732 °C,20 h 107 £ 7

*conditions were solutionized twice due to a mistake in heat treatment temperature

Experimentally measured 20 diameters were
developed by fitting the modified Lifshit8lyozovWagner (LSW) coarsening model to previous
2 0 asueements from literature. The modified LSW theory developed by &midto model
the coarseningofdistc haped d&é and eéAd parld wiymi thaatse b eiem Qs e
coarsening in Alloy 7189,32) Thi s model was used to esti mat ¢
eachheat r eat ed condition. The diameter of 290 inc
the rate of coarsening depends on the aging temperature. Equation 4.1 is the equation for the
coarsening of disshaped particles, wheiei s t he 00 @diasmetheer iinn tnnma,l 2

diameter when coarsening begihis, the aging time in seconds, akdis the coarsening rate.
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The initial 90 diameter i s asasdwasadsumedtobee s mall
negligible in the calculation.
O O ved (4.1)
The coarsening rate was estimated using reports from studies in literature that measured
the diameter of 00 after agiempgraturdl,taedcanbear seni n
approximated using Equation 42andB are constants determined by plottingdn{ AdE a
function of T,
ve L (4.2)
Figure4.3is a plot of InKO A VersusT fit to data from literaturd29,53,84,85] Kagay
reported that using data collected by Haml, Hanet al, and Devauxtalt o est i mat e 020
diameter overestimated the diameter compared to experimental results in that study
[29,53,84,85] Kagayds r esul toghe medel ased imtlee@urrenostudyt Thed 1 n't
same model was used to estimate the 20 diamet

composition might influence the coarsening rate.

7.5 . ‘ .
71 + Han, 1982 J
656 ¢ Han, 1987 |
< ) ® Devaux, 2008
=oor = Kagay, 2019
E 5.5F 1
E 5t 1
Tast -
4
E Y ]
3.5F .
3 - .
2.5 ' : '
0.00096 0.00099 0.00102 0.00105 0.00108

T (K"
Figured3P 1 ot ofvsThi OKOAD) coarseni ng, [2958,846%] o
Arepresentativ€ EM mi cr ograph used for oFgurestd.z e me a:

Tabled2s hows the esti mated and datepiameiesferreaca! | y me

condition. Allheatt r eat ed conditions contained 26 and 2«
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Figure4.4 SEM secondary electron micrograph of precipitates used for size meastgéme
All oy 718 aged at 750 AC for 20 h. 20 p

In Alloy 718, the matrix precipitates were larger in the conditions aged at 750 °C than in
the conditions aged at 730 °C. Coarsening occurs faster at higher temgsanathin the

temperature range considered, and Alloy 718 was aged for the same duration at both

temperatures. The estimated 0200 diameters were

measurements for the Al Il oy 718 scorediiodthetAillop ns .
945X conditions were much larger than the estimated diameters, likely difieetent

coarsening rates in the two alloys resulting from differences in compaosition

Table4.2EstimatedandMasur ed 00 Aver a7’d8&andBlioyprbxXt e r

Alloy Heat Treatmen 2 0 Di ame¢Est i mat ed 20

750°C,6 h 242+7.8 27.0
750 °C, 12 h 36.1+9.0 34.0
718 750 °C, 20 h 42.1+12.6 40.3
730°C,6h 20.7+£6.2 19.9
730 °C,12 h 25.3+5.8 25.1
730°C, 20 h 30.4+9.6 29.7
732°C,6h 24.2+5.8 20.5
945X 732°C,12h 36.1+9.0 25.9
732 °C,20 h 49.1+14.6 30.7

The grain boundary precipitates in each condition were characterized through SEM. All
Alloy 718 conditims besides the condition aged at 730 °C for 6 h contained a small amount of
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grain boundary U phase. U phase is indicated
Figure4.5(a) in the Alloy 718 condition aged at 750 °C for 2Figure4.5(b) shavs M>3Cs

along the grain boundary in Alloy 945X aged at 732 °C for 18 the micrograplin

Figure45(@), t he matri x surrounding the grain bound

Nb-rich U growefamethstabpensee. xydrecshowrgforeaghh s o f
condition containing the respective precipitates in Appendix A.

(b)

Figure4.5 Secondary electron SEM micrographg§od ) U p ra®rgia graint baundary
in the 750°C, 20 h aging condition of Alloy 718 and (bx¥s carbides along a grain
boundary in the 732 °C, 12 h aging condition of Alloy 945X.

SEM-EDS was used tdistinguishi pr eci pi tates along grain b
from other possible precipitatess the precipitate is enriched in Nb relative to the surrounding
matrix. Figure4.6 showsSEM-EDS compositiormays of a representativa precipitatein Alloy
718 aged at 750 °C folOh. The interaction volume of-Kays in SEMEDS limits the spatial
resolution of EDS measurements, so quantitative approximations were not attempted due to the
l' i mted volumetric resolution relative to the
Figure4.6(a) is enriched in Nb but not in Ti, while NbC precipitates are typically enriched in Ti

aswellEnr i chment in Nb and no enr2Cehment in Cr d
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(©) )

(9) (h)

FigureA6SEMEDS map of U phase indicated in
treated at 750 °C for 20 BEM-EDS heat maps are shown for (b) Al, (c) C,Td) (e) Fe,
() Nb, (g) Ni,and (h) Ti.The colors correspond to the count intensity scale in (a).
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In several Alloy 718 conditions, there were some precipitate morphologies observed with
acicular precipitates extending from large particles along grain boundaries. Instances of this
morphology are shown in two Alloy 718 conditionghigure4.7(a) and (b), with arrows
indicating the acicular precipitates. Grain boundaries are likely pinned by NbC particles during
solutionizing. During subsequen agi ng, U phase may grow from t
along the grain boundaries. This interpretation is substantiated in a previous study by

Zhangetal.[16], who al so showed t ha#®xisingbgpeared to gr

(9) (h)

Figured7Gr ai n boundary precipitate mor phol ¢
at 750°C for (a) 12 h and (b) 20.h

Alloy 945X aged at 732 °C did not containa¥k phase after 6 h, but the conditions aged
for 12h and 20 h contain p4Cs along some grain boundaries24@s is indicated along the grain
boundary in the micrograph Figure4.5(b) in the Alloy 945X condition aged at 732 °C for
12h. Unl i ke U phase in Alloy 718, the matrix i
boundary since the @ich carbide absorbs elements that primarily exist in solid solution in the
matrix.
M23Ce was identified through qualitative SEEDS. Figure4.8 showsSEM-EDS
compositionrmaps of M23Cs and NbC phases indicated in the micrographigure4.8(a) in
Alloy 945X. The M3Ce precipitates are depleted in Ni and Fe and enriched in Al, Cr, and C.
Enrichment in Cr and no enrichment in Nb distinguish®4f r o mheINbC is enriched in
Nb, C, Ti, and Al and depleted in Cr. The NbC
acicular and is enriched in Ti. NbC is often found along grain boundaries, likely because NbC

pins grain boundaries during annealing.
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INLIGEEN (.25 pm

(c) | Al

(@) o
Figure4.8 SEM-EDS map of MsCs indicated in the micrograph in (a) in Alloy 945X heat

treated at 732 °C for 20 BEM-EDS heat maps are shown for (b) (d¢) C, (d)Cr, (e) Nb,
() Ti, (g) Al, and (h) FeThe colors correspond to the count intensity scale in (a).
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I n addition t o ta3fseandNb@ phaseshSEEDSdvasralgo U , M
performed on (Ti,Nb)(C,N) precipitates in Alloy 945X, as presented in Appendix B. TiN
particles have a cuboidal morphology, and NbC has a rounder morphology.

4.2 Hardness, Tensile, ad Charpy Impact Properties

Vickers microhardness data for both alloys are plotted for selected aging temperatures
and times irFigure4.9. The heat treatment conditions selected for HE testing are circled in the
plots. The selected conditions for Alloy 718 aged at 750 T&guare4.9(a) and the Alloy 945X
aged at 732 °C ifigure4.9(b) span across the peak hardness at these tenrpsratith all
selected conditions near the peak aged condition. The selected conditions for Alloy 718 aged at
730 °C inFigure4.9(c) increase in hardness with further aging tifigure4.9(d) shows the
selected aging conditions at 730 °C in the context of longer aging times. While the selected
conditions aged at 730 °C are all underaged, the hardness is near the peak aged condition, which
occurs near 50 h.

The Rockwell C brdness, tensile, and Charpy impact results are summarized in
Table4.3. The hardness is comparable across most conditions at approximad€lyH8LC. The
Alloy 718 condition aged at 730 °C for 6 h has a hardnesHRC, which is lower than the
other conditions. Thgield strengths are approximately 10d@a, and the tensile strengths
range from 1251 350MPa for these conditions. The Alloy 718 condition aged at°C3for 6 h
also has lower yield strength and téstrength than the other conditions. The Alloy 945X
conditions generally have higher yield strengths and tensile strengths and lower elongations at
fracture and impact toughness values than the Alloy 718 conditions. The uniform tensile
elongation decreses with aging time for the Alloy 718 conditions but increases with aging time
between the 6 h and 12 h conditions of Alloy 945X. The Alloy 718 conditions aged at 750 °C
and Alloy 945X conditions have 224 pct uniform elongation, and the uniform elongatio
decreases from 31.5 pct to 24.3 pct for the Alloy 718 conditions aged &€73the elongations
at fracture for most aging conditions are approximatelg@®@ct, while the elongation at
fracture for the Alloy 718 condition aged at 730 °C for 6 h i4 4@t. The postiniform
elongation was about 10 pct for most conditions. The perimeters of the tensile specimen fractures
were uneven about thperimeterdue to the ductile fracture behavior, so accurate reduction in
area measurements were unattainahi¢his study. An example of the uneven fracture profile of

a tensile specimen is shown in Appendix C.
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Figure4.9 Vickers microhardness plotted as a function of aging time fokl{ay 718 aged at

750°C, (b) Alloy 945X aged at 732 °C, anddg Alloy 718 aged at 7380C. Conditions selected

for HE investigation are circled.

Hardness, tensile strength, and uniform elongation are not strongly affected by grain

boundary precipitatioand are controlled mosty lay 0

coarseni

ng.

The

tot al

might be affected by grain boundary precipitation. In the Alloy 718 conditions aged at 730 °C,

the tensile strength and hardness increase with aging, while the elongation e¢ ftactaases
with aging time. All three of the conditions aged at 7Gare underaged, as supported by the
preliminary Vickers microhardness resultdHigure4.9. The tensile strength and elongation at
failure follow the same trend in the Alloy 718 conditions aged at 750 °C, but the hardness

decreased with aging to 20 h. There is an increase in elongation at fracture and a decrease in
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tensile strength for the 20 h condition in Alloy 945X, but the hardness contmiresease up to

the 20 h condition. These results indicate that the 12 h ahch2at treatments for Alloy 718

aged at 750 °C and Alloy 945X aged at 732 °C are near the peak aged condition, while both of
the 6 h conditions are slightly underaged. Tésults are consistent with the Vickers

microhardness results presented previously.

Table4.3 Average and Standard Deviation of Hardness, Tensile, and Charpy Impact Properties
of Alloy 718 and Alloy 945X from Set#ted Heat Treatment Conditions

: , Impact
Heat Hardness 0.2 pet UTsS U”'fo”." Elongation Toughness
Alloy T Offset YS Elongation at Fracture o
reatment (HRC) (MPa) (MPa) (pct) (pct) at-10 °C
Q)

750°C,6h 39.0+£0.7 999+9 1252+14 236+09348+06 15%+*4
750°C,12h39.8 +0.£1001 £ 11 1287 +16 23.0+0.534.2+0.3 1487
750°C,20h38.7+0.C 976 +9 1291+5 224+0.2325+0.7 123+2
730°C,6h 37.2+0£912+20 1154+8 31.5+1.8 40.1+0.3 158%5
730°C,12h39.8+0.€ 1004 +5 1218+3 26.1+0.6 36.4+0.8 1384
730°C,20h40.2+0.21018+2 1269+2 24.3+0.1 340+0.6 964
732°C,6h 39.4+0.71019 +18 1296 + 13 21.4+0.1 31.8+0.6 1361
945X 732 °C,12h39.7 £ 0.£1047 £+ 84 1327 +33 21.4+3.1 291+28 108+2

732°C,20h40.0+0.21000+21 1315+17 23.1+1.731.1+1.0 1024

718

Charpy impact toughness is affected by the precipitation of embrittling grain boundary
precipitate phasdsn c | u d i nsge [48,538 The impdct toughness decreases with aging
time for all conditions. The impact toughnegsreasefom approximately 150 J for thehand
12 h conditions to 123 for the 20 h conditionfd\lloy 718 aged at 750 °C. The impact
toughnesslecreasebetween each aging time of Alloy 718 aged at 730 °C. In Alloy 945X, the
impact toughnesdecreasefom 136 J in the 6 h condition to approximately 105 J for the 12 h
and 20h conditionsThis redwtion in impact toughness without a similar change in strength
could be due to grain boundary precipitates that precipitate and grow with further aging.
Figure4.10 shows a BSE SEM micrograph of the Charpy fractumréacenear the notclfor
Alloy 718 aged at 730 °C for 20 h. While the fracture surface is dominated by microvoids
indicative of ductile fracture, several planar facets are observed, which suggest a small amount of
brittle intergranular fracture. The imgganular facets were most extensive in the 20 h condition,

which contains the most U phase along grain b
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Figure4.10 BSE SEM micrograph of the Charpy fracture surface for Alloy 718 aged aCr:
for 20 h. Some intergranular facets are indicated.

s

Figure4.11 shows representative engineering and true ssteas curves for each
condition. The tensile curves for the Alloy 718 conditions aged at 750 F{gune4.11(a) and
(b) have similar work hardening rates, with the 6 h condition having the lowest work hardening
rate and the 12 h condition having the highest. The 20 h condition has a slightly lower yield
strengh. The tensile curves for the Alloy 718 conditions aged at 730 Rgyure4.11(c) and (d)
are more distinct. The yield strength and work hardening rate increase with aging for these
conditions. The tensile curvésr the Alloy 945X conditions ifrigure4.11(e) and (f) are less
distinguishable, with the 20 h condition having a lower yield strength and a higher work
hardening rate than the other two conditidN®rk hardeningates are discussed further with
more detailed plots in Sectid@n2.1

The ultimate tensile strengths (UTS) for smooth specimens tested Tiabie4.3) are
plotted for all conditiongn Figure4.12(a). The UTS increases with aging time for all three sets
of conditions. The increase with aging time is most considerable between the Alloy 718
conditions aged at 73 since strength increases waing time for underaged conditions, and
all three of these conditions are underaged while the other sets of conditions are closer to the
peak aged condition. As the alloys reach and exceed the peak aged condition, the strength levels
off or decreases sligly with further aging. The Alloy 945X conditions exhibited higher UTS
values than the Alloy 718 conditions.
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Figure4.11 Representative (a,c,e) engineering and,) true stresstrain curves for Alloy
718 aged at (a,b) 750 °C and (c,d) 730 °C, and (e,f) Alloy 945X aged at 732 °C.
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The notch tensile strength (NTS) for CNT specimens tested in air are plotted for all
conditions inFigure4.12(b). The NTS is higher for the Alloy 718 conditions aged at 750 °C than
for the other two sets of conditions. The NTS increases with aging time for the Alloy 718
conditions aged at 730 °C and decreases slightly with aging time forlthe945X conditions.

In the Alloy 718 conditions aged at 750 °C, the NTS decreased from 6 h to 12 h and increased
slightly from 12 h to 20 h. The NT&lues range between 212200 MPa for thélloy 945X
conditionsand 20062100 for theAlloy 718 conditiors aged at 730 °C.

The NTS is nearly twice as high as the UTS for the tested conditions, indicating a notch
strengthening effect in these alloys. The triaxial stress state imposed by the notch suppresses
plastic deformation in these higbughness alloyseading to a higher strength and less ductility
at fracture in the notched condition. The notch strengthening effect was not as great in the Alloy
945X conditions compared to the Alloy 718 conditions. The Alloy 945X conditions are all near
the peak aged odlition, while the Alloy 718 conditions aged at 730 °C and the condition aged at
750 °C for 6 h are all underaged, suggesting that the underaged conditions might have greater
notch strengthening compared to peak aged conditions. The Alloy 718 conditibatad® °C
for 12 h had higher hardness than thea®t20 h conditios, suggesting that the 12 h condition
was the most peak aged of the three, yet the 12 h condition had the least notch strengthening and

the underaged 6 h condition had the most naremgthening.
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Figure4.12 (a) Ultimate tensile strength of smooth specimens and (b) notched tensile str
of CNT specimens plotted for all aging conditions in both alloys.

52



4.3  Hydrogen Embrittlement Testing Results

Hydrogen embrittlement susceptibility was evaluated for selected heat treatment
conditions through incremental step load testing of circular notch tensile specimens that were
subjected tan situ cathodic charging while measuring crankiation and growth through the
direct current potential drop method. The HE susceptibility was evaluated using the stress
intensity factor for unstable crack growth,. K he ratio between the stress at which unstable
crack growth began under charging &nel notch tensile strength from quasistatic tensile testing
in air was also used to assess the HE susceptibility of each condition. The fracture surfaces were

examined to evaluate fracture morphology.

4.3.1 Incremental Step Loading Results

Data from every ISltests are plotted in Appendix D, with the load and notch voltage
ratio (NVR) plotted as a function of test time. The points interpreted to be the onset of stable
crack initiation and unstable crack growth propagation are indicated in each plot.

The stres intensity factor for crack initiation,iKis plottedas a function of aging timfer
cathodically charged CNT specimens of each conditidhigare4.13. The point of crack
initiation is determined using plots tfe notch voltage ratio (NVR) developed using the DCPD
method. Stable crack growth occurs when the NVR increases as the load increases but remains
constant during the subsequent hold. Due to anomalous data and the subtlety of the crack
initiation indicata on the NVR plot, Kis often difficult to determingvith certainty using
DCPD. The data obtained shows thati&creased slightly with increasing aging time for all
conditions but the difference between conditions is sligtite K values for Alloy 718ged at
750 °C were lower than the Kalues for Alloy 718 aged at 730 °C and Alloy 945X aged at 732
°C. Kagay also observed that Was independent of microstructure for several Alloy 718 heat
treatment conditionfs3].

Kagay related the change in NVR measured with DCPD to the crack lesigg a series
of interrupted tests in which the DCPD method was applied and the crack length at the end of the
test was measurg83]. The calibration from Kagay could not be used in this study due to
differences in notch geometf%3]. The crack length at unstable crack growth was estimated
using a method described blyer-Peterson for DCPD measurements in CNT specimens based

on the specimen geome{86]. The ratio in resistance across the notch to the reference resistance
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away from the notchY ~ TY ) is equivalent to the respective voltage ratio ( T )
according tw "@hTmdresisthnaevhro(gh a cylinder is given in Equation 4.3,
Y | — (4.3)
whereR s the resistancg,is the resistivity of the material,is the radius of the cross section,
andL is the length of the cylinder. Equation 4.3 can be integrated across half of the notch with

changing as a function of position from the major radius outside of the matght¢ the minor

radius (min) at the base of the notch, which results in Equatidn

Y — (4.4)

Lnotehis the length of half of the notch. The resistance across the reference region does not change

with length since the radius is constant, and the integration is givenati&u 4.5,
Y S (4.5)
whereLet is the length between the reference probes. The ratio of resistance calculations in

Equations 4.4 and 4.5, equivalent to the voltage ratio measured from DCPD, can be

approximated using the geometry and DCPD wire spacing using Equation 4.6.

0 3 (4.6)

The equation is normalized by the initial quansib that variability in the equation due to
inconsistencies in probe spacing is eliminated. The resulting normalized voltage ratio is
determined according to Equation 4.7,

0¢1 & auGaodan I Qe— (4.7)
wherea is the crack length of a concentric crack propagating from the notch. The crack length
derived from Kagayodés cali brated data is appro
estimated using Equation 453].

I n Kagayébés study, the peak amogntalstablearadk t i on
growth before unstable crack propagation initiated. In the peak aged condition, there was a
negligible difference betweenyk€alculated using the estimated crack growth when unstable
crack growth initiated versusyalculated usingnly the nominal notch depth as the estimated
crack length, which indicates that stable crack growth does not have a significant effeébon K

this condition. Likewise, the conditions in the present study are near enough to the peak aged
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condition thatittle stable crack growth is observed, and the crack size approximations made

using Equation 4.7 were much smaller than the uncertainty initheeEsurement.
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Figure4.13 The stressntensity factor for stable crack growth;, ks plotted as a function of
aging time for Alloy 718 aged at (a) 750 °C and (b) 730 °C and for (c) Alloy 945X aged ¢
732°C.

The ISL results for each condition are presented in terms of the stress intestsitydia
unstable crack growth, Kas a function of aging tima Figure4.14. K, decreased with aging
time for both alloys, ranging from B3 7 M B°akA was highest for the underaged conditions,
including all ©nditions aged for 6 h and the Alloy 718 condition aged at 730 °C for 12waX
lower for the Alloy 718 conditions aged for 20 h than for the Alloy 945X condition aged far 20
The plot of Alloy 718 aged at 750 °C kiigure4.14(a) shows the Kfor the peak aged condition

55



from Kagay, which was aged at 760 °CforfpB]. The har dness of 't he
condition (39.0 HRC) is similar to the hardness values of the Alloy 718 conditions aged at
750AC, and some U ph asiebowmdasef3BldkeforKiaf in g 6-agadp e a §
condition is close to the Alloy 718 conditions aged at 750 °C for 6 h3mdd for 12h.
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Figure4.14 The stress intensity factor for unstable crack growthjKplotted as a function o
aging time for Alloy 718 aged at (a) 750 °C and (b) 730 °C and fe&li@y 945X aged at
732°C.

Figure4.15 shows the stress at which unstable crack growth began during ISL tests under
cathodic charging and the notch tensile strength from quasistatic CNT tensile tests in air,
desigratedH andAir, respectively. The stress at which unstable crack growth begins under

cathodic charging often occurs several load steps before fracture, and the stress continues to
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increase up to the point of fracture. Therefore, this sisghan the NTSn hydrogen. The stress

for unstable crack growth during ISL testing is directly proportionalitdtéwever, the

extensive plasticity in the specimeested in air makes the linear elasticdalculation invalid,

S0 comparisons between notched specitasts in air and in hydrogen can only be made

between stress valudsor each alloy and heat treatment combinatioa difference between the

critical stress values in air and in hydrogen is noted as a percent loss between the two values. The

stress repaed in air is the same as the NTS discussed previoubSigune4.12(b).
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Figure4.15 Thestress at which unstable crack growth began underdiatbbarging

(i dent i fanetde natch terfisite &Gtjength reached in quasistatic tensile testing in
(i dent i f iae glottaddor Aldyi7X8 @aged at (a) 750 °C and (b) 730 °C and for
(c) Alloy 945X aged at 732 °C.
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The notch tensile stretigin air was higher than the critical stress in hydrogen for all
conditions. The percent loss in critical stress increases with increasing aging time for all
conditions. The percent loss is smallest for the Alloy 718 conditions aged at 730 °C for 6 h and
12 h and the Alloy 945X condition aged at 732 °C for 6 h. The Alloy 718 conditions aged at
750°C have the highest notch tensile strengths in air, and the percent loss incurred when
hydrogen is introduced is most dramatic in these conditions. While a@itiwots exhibited high
sensitivity to hydrogen, the 20 h aging condition for Alloy 945X performed slightly better than
the Alloy 718 conditions aged for 20 h, both in terms of percent loss in strength and strength in

hydrogen.

4.3.2 Fractography of Hydrogen-Affected CNT Specimens

The fracture surfaces of the CNT specimens were examined to observe the effects of
hydrogen on the fracture morpholodirgure4.16 showslight optical photographs of Alloy 718
CNT specimens ageat 730 °C and tested in (a) air and (b) hydrogen. The fracture surface tested
in air is ductile throughout, while the fracture surface tested in hydrogen has a ring of brittle
fracture surface around the outside with a ductile fracture surface neantbe @he brittle ring

appears to have a rock candy morphology at low magnification.

(b)

Figure4.16 Optical photographs of the fracture surfaces of CNT specimens of Alloy 718
at 730 °C for 6 fand tested in (a) air and (b) hydrogen.
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Figure4.17 shows the fracture surface of a CNT specimen of Alloy 945X aged for 6 h at
730 °C and tested in aifigure4.17(b) showshe fracture surface in the region near the notch
specified inFigure4.17(a). The fracture morphology is dominated by microvoid coalescence,
even beside the notch. In the conditions tested in air, the notched regdistorted during the
test, suggesting that plastic deformation occurred. By contrast, the charged conditions show no
evidence of plastic deformation in the notch during the test, and the interface between the notch
and the fracture surface is smodthe microvoids in the noncharged CNT specimens are
bimodal in size, with carbonitrides often found at the bottom of large dimples.

(@) (b)

Figure4.17 Fracture surface of a CNT specimen of Alloy 945X aged32 °C for 6 h and
tensile tested in aiiThe fracture surfaces show (a) a low magnification image of the fracti
surface and the notch, and (b) a higher magnification image of the region indicated in (e

Figure4.18(a) is a low magnification fractograph of a CNT specimen of Alloy 718 aged
at 750 °C for 12 h and subjected to an ISL test while under cathodic charging. The fracture
surface near the notch is a mixture of intergranular and transgranular fraotpieotagies
characteristic of brittle fracture, but the fracture surface transitions to a ductile microvoid
morphology as the crack propagates to the center of the specimen. Unlike the specimen tested in
air, there is no evidence of deformation in the hetcregionFigure4.18(b) is a micrograph of
the ductile center region of the specimen. The ductile microvoids in the middle of the specimen
have a bimodal size distribution similar to the fracture surface tested i

Figure4.19 shows the fracture surface near the notch in Alloy 718 aged at 750 °C for
12 h. This fracture surface contains representative features that will be presented for all

conditions. The notch is indited on the left side of the image. Forthe first30 0 e m o f
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