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. ABSTRACT -
. Improving the Toughness of Ultrahigh Strength Steel
KojiSatan o o
- Doctor of Philosophy in Matéri-zilsﬁi:iehce and Mineral Engineering
- . .. University of California, Berkeley - -

.. . Professor John ‘W Morris; Jr:, Chair *-

The ideal strpctural steel combines high strength \yith high fracture toughness.
This dissertation discusses the toughening ‘mechanism of _théf-Fe/CO/Ni/Cr/Mo/C steel,
AerMet 100, which has the h’ighe‘st toughness/strength combination among all commer-
cial ultrahigh -étrength-' 's"[éelS.’--The- possibility of improving -théitoughness .of this .steel
was examined by considering several relévant factors. .< =~ 71

Chapter'1 reviews the meéhan-icali‘propeﬁieé"o‘f -ultrahigh strength steels and
the physical metallurgy ofiAerMe'“tmi-OO.l It ‘also describes the: fracture mechanisms of
steel, i.¢. ductile microvoid coalescence, brittle transgranular-cleavage, and intergranu-
lar separation.

Chapter 2 examines the strength-toughness relationship for three heats of
AerMet 100. A wide variation of toughness is obtained at the same strength level. The
toughness varies despite the fact that all heat fracture in the ductile fracture mode. Thé
difference originates from the inclusion content. Lower inclusion volume fraction and

larger inclusion spacing gives rise to a greater void growth factor and subsequently a



higher fracture toughness. The fracmte toughness value, Ji, is proportional to the
particle spacing of fhelarge non-metallic inclusions.

Chapter 3 examines th¢ ductile-brittle transition of AerMet 100 and the effect
bf a higher austenitization temperature, using the Charpy V-notch test. The standard
heat treatment condition of AerMet 100 shows a gradual ductile-brittle transition due to
- its ﬁne_ effective grain .size. Austenitization at higher temperature increases the prior
austenite grain size and packet size, leading to a steeper transition at a higher tempera-
- ture. ,Both_ ‘;ran_sg;gpg_lar cleavage and intergranular separation are observed in the brittle
fracture mode. . -

Chgpte_:r '4 examines the effecf of inclusion content, prior austenite grain size,

- and the. amount of at_;_st_gn_i:te; on the strength-toughness relationship. The highest tough-
. nfcss._i_s ach_igygd ___by,l_pw inclusion content, small prior austen_ii_e grain size, a'l;d a small
- content of stable aps}gpite. The low inclusidn content increases the strain at the fracture.
The reduction in prior austenite grain size prevents the fast qngtable crack propagation
. :by cleavage. And the stable austeﬁite decreases the strength of the intergranular separa-

: -:,-ﬁo,l?_ at the pvr,‘_i;o'rv:ggs‘tenite grain boundary, which provides the stress relief at the “érack

. tip.
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.= - 1. GENERAL INTRODUCTION .

1.1 Motivation - - - - - .ii:

Uﬁdérétanding t“h;a méc_:ﬁanicél Ipr§?¢ni¢§;ﬁii<<;ré§t1";1;:.ture. Nre-:lationshi_p of ultrahigh
stren gth stge] refnéjn.s. a kéy probienj m metallurgy and 1sthe éﬁbject of this thesis.
- Among several ultrahigh. strength steels; the isecbhdary'-.'hardening Fe/Ni/Co/Cr/Mo/C
alloy, AerMet 100, developed by Carpenter Technology Corporation in the early "90s,
' has the best combination fof’ toughnﬁess and strength. Early qxpeﬂmental measuréments
m fhis Alabor'a‘torzy.”r;c-\;e—aiéc_l_:a puzzhngvanatlonmfracturetoughness values among
tﬂree heat.s’p;jlc‘)dﬁlllc»;ed t%y(ia_réeﬁfer.The_i? tensﬂe "strﬂengths --\.NCI‘—C almost the same, but |
fheir toughneséés Wére Ve;‘y differe‘nt‘.rOne; ;JVE;S. ;1»tbthe bottom of the specification range,
another at the Jevél of nominal value; and the Tast 'was ‘4t an"extremely high level. We
assumed the différencé must be microstructural, and understanding the detaiis could
reveal a way to improve the toughness-of this ﬁltrahigﬁ-‘ strength steel, or even to-

*‘develop a new steel. -

~ The explanation for the wide range of toughness ;\ifa'lﬁeis',’ ‘which we discovered during
" the course of our research, was related to“the influence of the inclusion content on the
ductile fracture behavior. The extremely high toughness value seen in one heat, maybe
the best combination of toughness and strength améng all commercially available
ultrahigh strength steels, was obtained in the heat with the lowest inclusion content.

- Although this phenomenon is well known in many high strength steels, no one had



-.explored it at such high levels of. streng'fh and toughness before.-

However, eontrolli‘ng inelusien content1snotsufﬁc1ent Sucha good combination of

strength and toughneés at amblenttemperature 1s only p0531b1e with a specific set of

_ heat trentments. These neat treatments should i».;.)ir“oc.inee:;;ell:tvailored microstructures
‘that inhjbit fractu.re propngation. Therefore the second taskofthls thesis was to deter-
‘nn'ne the opfimal nﬁeros'frnctur-e and heattreatmentreqmredtoproduce high toughness
- rnateﬁnl.

this thesie airns 'toﬂ denelop the understandmgof the extraordmary mechanical behav-

ior, especiall); the tougﬁening fne'éhariisﬁi, of this steel and to find the best way of

improving its toughnes.,s.-For'clnﬁt-}; it 1s divided into tne_foilewing topics:

1) - A comparison of the strengthening fneen.ani§ms»o£ -other. ultrahigh strength steels:
- By understanding the physical and mechanical metallurgy of several ultrahigh
strength steels, we can identify some of the ways in which AerMet 100 was tailored

to achieve its high performance properties. This will be discussed in next section.

- 2) Areview of the physical metallurgy of AerMet 100 (section 1.3): Much previous
microstructural characterization and mechanical property measurement of AerMet
100 has been conducted. This is reviewed and. summarized in a schematic TTT

~diagram. -

3) A general review of the ductile and_b'ritﬂe"'fréetufe"’mechanisms in steel: Ferritic

steels have a BCC structure and are. inherently more bn_'_ptle than FCC materials,



- .such as Cu-and Al, because they-can _c_]e'aVe,.—’_Unde_rstanding how to suppress the
cleavage is vital to developing better properties. .If one can suppress the brittle
fracture and lower the ductile-brittle transition temperature, lone creates room for

“ furtheffstvrie'ngthening, and may be able to strengthen the steel by adding mere er
-different hardening elern'eﬁtsintot‘he"-'s'te'el-’?. ‘This ‘will be reviewed in section 1.4.1,
.-and experimental data on the ducﬁ1e¥brittle-trarisiti6n of -AerMet 100 _Wil] be shown
> and discussed inchapter 3. ... © * Tl Tl Pnevinoon

h 4) Understandmgthe m}erestvnvletﬁreljﬂfe.atures whmh relate to .each step of dl;CtﬂC
) fsectufe process Siinee" the hlgh lmpact toughness ef AerMet 100 at ambient;:tem-

| >per.afure is achieved by its ductile_frecture mode, close anal‘ysis of ductile fracture
is.the key te understanding why stich a wide variation of toughness was obtained. .

© . What we show ‘is that the inclusion content among thése heats was significantly
- different. This will be reviewed in section 1.4.2 and the experimental results on

AerMet 100 will be'discussed in chapter 2.

"~ 5):_Optimizing the heat treatment of AefMet 100: The méchanical behavior of AerMet
- 100 will be explored by varying the heaf'ltrieatmen’t conditions, such as austenitizing

- temperature, skipping the. “deep-freeze”. step; ‘and adding ﬁpre-aging (intercritical

L ',tempering-).‘ These changes. affect microstructural c’hlafacteﬁsﬁcs (such as grain size
and amount ‘of austenité), work-hardening behavior, tensile strength and fracture

toughness. These experimental results will be shown and discussed in chapter 4.

* Finally, chapter 5 shows ideas on how to ma)__(_jmjze the coﬁlbinati_on of strength and



toughness of AerMet 100-and discusses future directions for-the design of stronger and'

" tougher ﬁltr‘ahigh strength steels. =~ -1 ST

Since ultrahigh strength steels are relatively expensive, their uses are ordinarily re-
stricted to such appIications as aircraft parts and some 'very heavy duty parts where
thelrrelatlvely hlgh cost can be _]UStlflCd Landmg _. gears arre—stm g hooks, fastenefs, jet
" engme shafts,andbalhstlc-tolerant components arerepresentatlve uses for aircraff, and
; hlgh-strength ‘boits,‘autc;r”ngtjifv'e. drive shafts andb1cycleframes are some typical uses

fdr_n-dﬁ‘-éirc'réft heé—vj} duty“p:)msr.r

Ultrahigh strength steels basically have a dislocated martensitic structure with fine
precipitates. The class can be subdivided into low-alloy steels, precipitation hardened

stainless steels, maraging steels, and alloyed secondary hardening steels.

The aIfoy steels are heat-treated by austenitizing, a subsequent .cooling to room tem-
perature 6r even —70°C or belov& during which most of the austenite is transformed to
martensite, and finally a tempering or aging treatme;nt during which carbides and/or
other hardening particles are precipitated. There are numerous differences between
these steels, including tﬁe_ size and shaf)e of martensite, the amount of carbon in solid
“solution, the amount of fetained lausteﬁite, and the nature of the particles precipitated

on aging. These steels are normally produced by vacuum induct.ion’melting Or argon-—

oxygen decarburization melting. For high end use such as aerospace parts, these ingots

* Unless otherwise noted, the information in this section is largely extracted and summarized from
Metals’ Handbook.



: metallurgy of these alloys. .|

- Xygen d¢CarbuIi;atio_p fngltin_g. Eor hlgh .end use such as aerospace parts, these ingots
‘ are refiné_'d by_v_ééuurh arc re.'r_’nel'ti_jng »é)rgélectroslag rcrhelting. After the melting proc-
éss, these ingots ére tailoréd ihto‘finéil sl;ape by hot-working process, such as pressing,
forging, and rolling, followeci by:.cold-v;ork’i'ng processes, such as cold-rolling, draw-

' ing, and machinihg.

Representative alloys of each category énd their compositions are shown in Table 1.1
- with their Aerospace Materials Speciﬁcfation numbers. Their strengths and toughness

levels are shown in Table 1.2, and 02% yield strength (YS) - fracture toughness (Kj)
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relationship is shown in Figure 1.1, Below is a brief description of the physical

f
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: Table 11 ' Chemical_comppsitiohs of the ultrahigh streng;th §tee1§_5.

1}

used in aerospace industries (weight %).

I

Ni

Co

- Cr

Mo

;Mn

Cu

v

Si

Al

Ti:

Fe'

#4340
300M

- HP9-4-20

~ HP9-4-30
. HYI80
" AF1410
" 15-5PH
', PHI3:8

C-250

; _AerMetsl, 00

AMS6414
AMS6419
AMS6523

AMS6527
AMS5659

AMS5629

AMS6532

0.4

04

02

1.8
1.8
9
9.
10
10
46

18

11:1

1 0.85 0.25

:0.85
0.8
1

15
13

3.1

0.4

1
1
1
1
2.2

4.8
1.2

07

07
0.1-03

0.15-0.3
§o.15
025

0.2
1.6
O.Zma)i

0.Imax

0.4

Balance

Balance -

Balan_ce

Balanice

~Balance -
' Balance -

-‘Balance :

Balance
Balance

Balance




‘Table 1.2 :Mechanical proﬁe‘rties of ultrahigh strength steels

02%YS

~_Alloy. - UTS - - K
| MPa)  (MPa) . . (MPaVm)
#4340 | 1482 1965 71

300M | 16897 1965 71
HP9-420 | 1276 1344 192
HY180 1276 1344 203
AF1410 1551 1689 187
“15-5PH | .7 11089° o L1124 el 132
PHIZS | 1434 1SSL_ - 8
c2s0 | 1689 1724 110

C Aetenoo |

S

1724

T 1965 Lo

126

" Low-alloy steels: 4340.300M

. Alloy 4340 is typical of the low-alloy steels used in: aerospace applications. This steel

temper) .about 50% of the carbon: has precipitated as. carbides;. these carbides are not
- cementite. Alloy 300M is essentially alloy 4340-modified by the addition of 1.6 mass%
- silicon; the silicon. addition incré;ase_s the yield: strength and allows the steel to be

tempered at higher temperatures than 200°C without the decreases in yield strength and

- . is normally tempered at 'or:,clqse_tQ 200°C. -After the tempering treatment (a first-stage

toughness observed for 4340 steel tempered in the range of 250-300°C .

~ Precipitation hardened stainless steels {15-5PH; PH13-:8) -and Maraging steels (C250)

The martensitic precipitation hardened stainless steels (15-SPH, PH13-8) and the

7



maraging steel (C250) contain low carbon and are strengthened by the precipitation of
pa'rticles,‘duﬁng aging. These particles’ are ‘copper: (15-5PH)," B-NiAl (PH13-8) and
NizMo and NisTi(maraging steels). The maraging grades were first introduced in 1960,

and PH13-8 -and 15-5PH were being refined by Armco in the mid-1960s.

.Alloyed ‘secondary hardening steels: -ILIP9.-4-_20_,-HP9'-'4-30; HY180, AF1410, AerMet

1000 .

‘:'VThe »alloyed secendary hardenrng steels HY180 -AF l410 HP9 4-20, and HP9-4-3 are
\very srmrlar T hese alloys are norrnally aged at h1gh temperatures - 510°C for HY180
and AF1410 and 565°C for HP9 4 20 and HP9 4 30 After agmg, most of the carbon

__ »has nreelpltated as ﬁne alloy carb1des whrch have mostly MZC structure, and provide

the h1gh strength The cobalt addrtlon is said to increase the driving force for carbide

precipitation and d’elay dislocation reeoyery,' thereby iricteasing the number density of-

- the carbides and enhancing strengthening by the alloy carbides®. Alloys HP9-4-20 antl

‘ ~HP9-4-130':Werf;--introdué’éd by Republic Steel-in 1962 and 1966, respectively, and

“ HY180 was introduced by U.S. Steel in 1965. Alloy AF1410, developed in the mid-

1970s by General Dynamics and later Cytemp, is HY180 modified by carbon and

cobalt additions in order to achieve higher strength. Because of its well-balanced
strength-toughness combination of AF1410, application of this steel .has been wide-

spread..

Further demand of better strength-toughness combination lead to the most recently

developed alloy AerMet100, developed by Carpenter Technology Corporation, whose



nominal composition is O.23C—13.4C0—11.1Ni-3.lCr-1.2Mo-halance Fe in Weight%5’6’7.
_This ‘steel can achieve the strength level of C250 and 300M while maintaining the
toughness level slightly be]ow AF 141b (Figure 1.1). |
Table 13 s_hows_v_the_‘conversion ofthe chemical compositions of HY180, AF1410, and
;kerli\/let t’OO from w?eight percent to %atomjc'percent. Comparing the amount of MZC
%carb;ide by simply aséunnng all carboré cOntent form M2C carhide, itis clearly seen that

I

the rncrease of strength and decrease of toughness among these three alloys are attrib-
uted to the precrpltatron hardemng phase On the other hand accordmg to the U.S.
Patent of AerMet 100 thls steel s hrgh toughness is also obtained from controlled

1nclus1on content by unproved reflnement technique and fme tuning of oxygen and

sulfur getters,'such asf cerium and lanth'anum .

From the specrflcatlon for: aerospace matenal of AerMet 100 (AMS 6532%) shown in
Table 1.4, the levels of impurity such as Al Ti, O, and N are severely restricted to very
small value_s. ‘This also controls the 1ncl_us1on. The mechanical specifications of AMS

6537 aré also shown in Table 1.5 for Teference.
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| Table 1.3 Chemlcal c:c;)ml')"bisivtiogns of tﬁé seco

i

ridary hardeﬂing ultrah

ighbstrefli'gt}i ste:els."'; g

CO' . Cr.

Mo -

Fe

Weight |

percent -

HY180

AF1410

AerMet 100 |

016"
023

10.0

10.0

1 11

8.0 e 20

14020
134 :.,;3;'1 ‘

( .

10
10
12

789 |
728
710

M,C*

Atomic

percent |

1

HYI80

AF1410
AerMet 100

047
L0075

1.08

9.59
9.60
10.63

7.64 - 2.17
13.39 2.17
12.78 3.35

0.59
0.59

0.70

79.5

73.5

715

141
225
3.4

¥ Atomic fraction of M,C is calculated by the multiplication of [C] by 3.



- Tablel.4 Compositional specification for the aerospace
material of AerMet 100

" AMS6532 -

-+~ Nominal -

C 023 . 021/025
N 1.1 11.00/12:00°
. Co 13.4 13.00 / 14.00

Cr 3.1 2.90/3.30

Mo 12 1.10/1.30
: Fe . o ;'iga]::1‘ e "‘Balb."': ST

Si <0.10

Mn <0.10

P <0.008

8 <0.005

Al <0.015

Ti <0.015

o} <0.0020

 <0.0015

Table 1.5

Mechanical specification for the aerospace

material of AerMet 100

* |Longitudinal mechanical properties

Tensile Ultimate tensile strength > 1931 MPa
properties 0.2% offset yield strength > 1620 MPa
Elongationin4D - > 10%
.| . Reductionofarea - - .>55%
Fracture Kic > 110MPaVm
toughness | = PP SRR L
Hardness

HRC

>33

11



1.3 Physical metallurgy of AerMet 100

Intensive research on n the optlnuzatlon of alloy composmon the optimization of aging
10 ) 11,12,13,14,15
, and the mechamcal property-nncrostructure relatlonshlp has been con-

' ducted, and thlS research will be rev1ewed in thlS sectlon. -

. After a hot-working process to, produce. __a_near_—net;"shape_ of. AerMet 100, the recom-

mended heat treatment is as follows .
- Intercritical annealing: 6'7"Z°C“ / 1_6_hrs__(also_acccmpl_ish_es stress relief)

S Solution'treatnaent:"‘éSS".C /1hr LR e

- Quenching:.Water quenchin_.gx ts not recommendedbuttheparts should be cooled to

.‘ 66°.C in 1 to 2 hcurs_t ” | _ o | - |

* - Deep Freeze: <73°C or below/ Thr/Air Warmed @7
.-.Agl;ngt 4_82?’C‘ /5hrs

- . Treated as above; a high strength/toughness combination is believed to result from the

following microstructural features and mechanisms. A schematic TTT diagram of

AerMet 100 is drawn in Figure 1.2.

1) Fine prior austenite grain size during the hot-working process gives high resistance
to cleavage fracture *. Even many hlgh ang]e boundanes among adjacent laths

are observed 113,14 and thls also attnbutes to the increase of toughness.

12



22).

Very little’ retained- austenite ‘remains in:the. deepfrozen: condition from X-ray

“diffraction -analysis.”® After aging at: 482°C; a very ‘small -amount of austenite is

seen at the lath boundaries, but Some amount of ‘austenite-at prior austenite grain

‘boundaries is ‘seen.- There is no clear distinction between tetained austenite or re-

. “verted austenite: If the aging temperaturé is raised up to-510°C, reverted austenite

" can be seen not only at-the prior dusténite grain boundariés but also at lath bounda-

i Hes.

3)

The pre01p1tat10n hardenmg phase has a need]e shape These precipitates are °

beheve to be largely M2C carbldes 1f aged at 510°C but 1f aged at 454°C they basi-

: c'al_ly”h'avé coherency along <100>,, and form GP. zone type phases. At the opti-

mum 482‘.’(:‘ aging eop;titi_on, some lose their coherency and have M,C crystalline

Structure but most of them are still coherent and seem to be acting as precursors

~ for M2C prec1p1tat10n from TEM bnght fleld 1mage If the aging temperature 18

‘high, th1s phase loses the coherency and both tnghness ém’d strength decrease, and

ifit i"snlow. (uﬁderagihg'),'_ceﬁ'iéntite instead of M,C forms at lath/plate boundaries,

* which deteriorates the teﬁghhess alot.

4)

High temperature. aging above _510.°C causes. coarsening of M,C, increasing re-

verted austenite, and recovery of martensite, and all. of these decrease the strength

5)

‘and toughness. '

Undissolved carbides siich as MC, M,C; anid M;Cj dre reported,’’ but their effect
on mechanical properties is not known.

13



. These papers give us suggestions for improving the.toughness. To implement these, we
. haveto understand the effect of inclusions, the work-hardening behavior, .the ductile-
bﬁttle.;transitio’n",- and.how:to control the microstructure in detajl‘. Studying the overag-
“ing .conditi'oh:.may show interésting tesults sincétdveraging‘i‘ntroduces reverted aus-
tenite and decohesion-of M;C carbides. Skipping.the deep freeze treatment is also of

- interest since this gives us information on therole of retained austenite. Although the

lurgists,'&!718:19:2021,2223.24 yhis i still worth examining in:defail for this specific alloy.

- These heat treatment conditions were studied and the details 4re shown in chapter 4.
1.4 Mechanisms of fracture in steel

1.4.1 Fracture mechanisms and ductile-brittle transition

Whﬂe the sources of strength.and t.Q'ugh_ne_sfs_in ferritic s,tc?gls are not fully understood,
the simple relations that are diagrammed in Figure 1.3 suffice for most alloy design
purppse_s_zé .- The basic ;ela_tiop b;twec_an"_the_ fracture toughness and the temperature is
shown Figure 1.3a. The 'f;a_cture toughness drops dramatically over a relatively narrow
temperature range that defines the ductile-brittle. transition.in temperature (Tg). The
duc_til_eebxfittlg: _gransition is_ _cause_d by a :cha;rlge m th_e; frac';prq _g}qde from ductile rupture
to trapsgranular cleavage or intergrapu}ar sepayétiqp:_ If thesteel is to have high tough-
ne_sé _at 1ts i,ntegded scrvic¢ ;empergtur_f?; Ty mustbedecreased to_ below the service
temperature and the fractum toughness_ m the ductllemodemust be raised to an accept-

able value.

14



~The fracture toughness ‘of a typical ductile -.aucs‘y;as'- related to-its yield strenigth bvy a
- relation like that shown in Figure -1.3b. ""-,The}"fstfen;gthl'tou‘ghness characteristic is
controlled by 'the .ﬂow;prop'erti'es of ‘the matrix ‘and by:the density and efficacy of the
ductile void count, \ahic'h'r‘eﬂ'ect the chemical purity of the:alldy. One can increase the
_toughness .above Tg by proécssinglthe‘fallo’y'~ to ’loWer..'itsi?'Stren'gth or decrease its inclu-
_sion content, but the former i's‘ not the good solution for ultrahigh strength steels since
des_igners of AtAhe -ai.rcraft parts. always put the strength flrst 1n thcir design. Hence
controlling ;he jnclusion. content seems to be fhe mostlmportanttask for improving the
;onghness in.t'heuppe.r shelf reglme | Slnce t»he? ni‘én;moac-twtonghness of AerMet 100
at ambient te’mperatlne 1s acnie;le.(.i‘by its ductile fracture mode, close analysis of its
“ductile fracture is key to understanding why stich a“wide variation of toughness was
-obtained. © T N CeonnoilLl

_ i*l}e dncti.le;];ntt.l‘e transmoncanbe _usefnlly descnbed m terms of the “Yoffee diagram”

_athi gure 13c "fhe '_Yof”fee modehsovermmphﬁed butnonetheless contains the most
__imponant »alloy de51gn crxtenam a compact formIt attnlantes the ductile-brittle
:transit.ion to a compe.t.i.tiion between p!astic deformatlon and brittle fracture. At a
cnt1ca] Value of rthe v_ylgeld_: st;ess (.o;):_, ?ne mat'erialj ahead of _-ia:n;e‘r‘nbedded flaw fractures
‘in a brittle manner beﬁfore‘ vb_luvnvt_ingv._.As tne temperat.nhrewis‘ :loyyered, the yield strength of
the alloy rises until it e_)-(ceed_s_o_c; _The_c_rossover! poing Qetenmnes Tg. Since there are
at least two independent brittle fracture modes, transgranular cleavage and intergranu—'
lar separation, there are at least two critical stresses. The transition temperature and
the brittle fracture modé are determined by 'tne leastvalue of Gc

15



' ,The,Yoffe'e diagram suggests .,that Tg.can b:e'_:decreased .byv lowering the alloy strength or
by raising its resistance to fracture in the dominant brittle. mode. While both ap-
. proaches have been used _S’ﬁccessfuliy; the preferred .tactic is o raise the resistance to
“brittle fracture, again since high strength is a desirable: chhrac:“te;risﬁc of structural steel.
__This is done by identifying the brittle fracture mode and its relation to the microstruc-

ture.

It should be noted that Ty varies. dramatically:with: the.testing method due to different
geometry, ﬂco,ns'trains-, strain rate and so.on..For example, uniaxial tensile tests will have

- higher Tp than notch bar tests, such as Charpy‘and K}, tests. . -

If :'th‘f':'."fr‘ac_tur.é; iséj 'i.n'tergraﬁl.llz'lf, its: stv'n;;r_'ce:i.s' most]y a gram boundary contaminant,i such
as wtfle‘'métaljl;)'ia’i‘mf)lvm;ti'e's S arid"P 1n "'é.tvé'€'=,;1;2i6.’2:7’i_8 or anmherent weakness of the grain

- boundary.??® In ‘the case of chemical embrittlement, the alloy may be purified 0f
,daleteﬁpﬁsi surfactants, alloyed to getter these into ;_re_latively; innocuous precipitates, or
" heat treated- to - aVQid the intermediate: temperature .regime at which these impurities
© -, segregate most strongly to the grain boundaries. When' the-grain boundaries are inher-
3 .-;enjdy_‘weak,_-th(_:;rrrle,tallurvgical ,solutiQn is the addition of beneficial grain boundary
- surfactants that serve to 'gl_ue them together. The most _prominent of the beneficial
-.surfactants is bof_on, (first ‘di.scove_red;_and__iappli_e}d_ in' this laboratory’’??) which is
- ex;rqmeiy -cffec_t_iyc in suppfessing.vintergra-nql,ar fracture in Fe-Mn steels and in NizAl

- intermetallics.
‘When the brittle fracture mode is transgranular, as it is in typical feritic steels, the
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ductile-brittle transition can-be suppressed by decreasing the e_ffective.grain size of the
;all_oy, which is the mean free path for cleavagé fracture. In many lath martensitic steels,
the effective grain size is the packet size in which laths have a close crystallographic
ahgnmentTwo methods have been successfully used to refine thé grain size by

breaking up these packets, i.e. intercritical anneal and intercritical temper.

©.Th the. case of AerMet 100, a fine effective- grain’ size ‘seems to be achieved by the
" annealing treatment 'pﬁér'»t'o- the solution treatment; Which is essentially an intercritical
' ?annealin:g' in Y and‘dc"tWo."phase-region near the A; temperature. It creates a fine-scale

lamellar “dual-phase” structure with two different cqmposi_tigns.” In the subsequent
austenitization treatment, these two phases transform into martensite at different

_temperatures, and give rise to disoriented lath boundaries and form sub-micron effec-

“tive grain size.

The othér heat treatment, “intercritical temper,” had tiot; to-our knowledge, been tried
-earlier for AertMet 100. The intent ‘of ‘this temper is to introduce thermally stable

austenite of spheroidal sh_ape_33 or continuous narrow ban at the lath and prior

g3
aus_tgni‘te grain boundaries. Hence the packets arc dig,_rqpte;i.,jar_l_gl_ the effective grain size -
»is' vre‘duc“eAd. As ¢xplained in section 1:3,’ ooveraging aro.undélO"C for AerMet 100
 creates a continuous narrow band of _au__,st'eni,t_? gAt“_l:ath: apd Vpljor—i‘austcnite grain bounda-
:1‘ies.‘ If, w’_ev can cre_atAe»_a small a-mo‘unt.qf ?_‘3“@?@ for thegram refinement without
logjng thg coherenc_y of the preqipitation ha;dgning p_hgse (the precursor of M,C), this

may further improve the toughness of this steel. Therefore, short time temper treat-
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-.Smce the fracture mode of properly treated AerMet 100 is known to be ductile

~ments (15min. and 30 min.) at 510°C were:chosen prior.to: the aging treatment (the

- results will be discussedin Chapter 4)... . -1

1.4-.2> Mechani“sm of ductile fracture -

1) Ductile fracture sequence
1011

:understandmg the ductlle fracture process in detaxl is 1mportant A schematic diagram

of the ductr]e fracture sequence 6is shown in Frgure 1 4

N Cons1der a body w1th a sharp crack and two dlfferent kmds of particles. One type of
partlcle is blgger than the other and 1t 1s weakly bonded to the matrix. These primary
| particles are usually inclusions, such as oxides, _s‘_ulfld:_es_,_ phosphates and others, and

can be regarded as pre-existing voids in the material.”’

The other type of particle is
| ‘:re'.lat'ively small and more strongly”l;onded to the mairix. Undissolved carbide from the

" austenitizing heat treatment is an example of this kind of particle.

When an external. stress is applied to the pre-cracked structure (Figure 1.4a), plastic
ﬁdeformation at the crack tip takes place with the high stress intensity near the crack tip
- (Figure  1.4b). This step is car]ed blunting; .This blunting process is governed by the
-material’s inh_ere_nt-ductile strength. Here, the inherent strength is defined as a strength
that is controlled by _its_rfine microstructure such as dislocation density, precipttation

~ carbides, lath and packet sizes.of martensite, retained or reverted austenite, etc.

" At the samé time or slrghtly later in this 'bldriting"’Sta'ge,‘" void nucleation from the large
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- primary particles happens due to the. decohesion of -tlhe}_interface boundary or the
- sha_ttering- of ,thesevpanicles u_n__de_r th;e;,high triaxial-stress -state. (Blunting is actually.
-help_ful-to'redm;e, the ’stress;int_ens_ity,lbut any furthcr_iucrease«of the stress is accompa-

- .‘nied by the-decrease of the effective area by void growth, which increases the local
stres_s near the craek\tip.) Fina]ly theloca}.s'tress goes up to the level Where the decohe-
smn of the iurerface boundary a.t' secdndar& partlcles tak:esv_p.ia:eeand this decohesion
and shear localization results in void sheet coalescence. Then the body fractures. Here
f.;th,erv_\;eidmsheet formation is explained with the aid of secondary particles, but these
particles are not .always necessary. Since the ligament between the voids doesn’t have a
A tnax1al siiate of ‘Sfres's'ah}; :r'n;dre, it Wlll behave like a tenail’é“:.test specimen, and the
otk hardemng charactef’ of the material will decide the final morphology of the

' fracture. The nature of the final fracture should resemble that of a tensile specimen.

_»The metallurgical determinants of _ea\eh'__‘Qf ghese three_,st»eps_, (that is, blunting, void
~nucleation, and void coalescence) in AerMet 100 must be characterized and how each

_of these steps affects the fracture tou_ghues“s values must be fully understood.
.. 2) Models of ductile fracture. -

| Wh;ie there are a number of distinct theonesof the Ii‘]jcre\;'eidleoalescence mechanism
| of ductﬂe frac'rure38’3§’40, the}r have common features and lead to similar qualitative
iresul'ts. How&ér', there stili are "rnauy: uncertamtlesregardmg the prediction of the
rlueieation of secondary veids and regardmga failure criterion that governs void

coalescence. The failure criterion must somehow account for work hardening during
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initial void growth and unstable void growth due-to fracture -or unstable plastic defor-
- mation-of the matrix: material between:them. The usual-approach is to assume a regular
- distributionof voids and predict failure when' the: stress.in the intervening material

‘reaches the critical value for necking or fracture. - 00 - -

" "Fora given inclusion distribution the ductile fracture theories all lead to models of the

general form*! #2444 -

o . K]C o, [ngo"q s . (1.1)

where &fs the strain to failure, E is Young’s modulus, and oy is the ﬂéw stress, whose
“pre-ciAsc-: défiﬁitioril vanesshghtlyfrom one model té another. oy is taken to be yield
- strength, ultimate tensilé strength, or fracture strength in tensile test. In any case, the
expl_i-c_:it 'dependencg Qf the fracture 'toughness on the ﬂow str¢ss suggests that the two
>sh.(.)u]d \-la.tryv‘tolget_hér,. m ;;)r;tras.tn ‘to» 1sothermal téluéflﬁés.s Jdéte; "that 'invari-ably shows a
decrease in toughness with the strength. The resoluﬁon of this discrepancy lies in the
- dependence of the failure strain-on the flow stress; & generally decreases strongly and
mgnotonically with op at _constant _temp;raturé. But‘j_f t_hcm? is a way to increase the &
in méré efficieﬁf v.yfa“};t_‘}:lan‘t}.le: decreaseofob,ch couid_._;be! ji-vmproved. & is usually
.tak_.e:ﬁ to be sifaiﬁ at fracture But WG-B“CE.:LII_:IH %lg-é assumethat the féilure strain in eq. (1.1)
ﬁﬁ ght scale roughly with the uniform elongation (more precisely, with the true strain at

“the ultimate tensile strength (UTS)), which is given by 'tﬁéfﬁ‘é:ék‘ing criterion,

40 ., )
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thrq do/deis the true work h_ardenirig rate and o'is the true stress. Since the austenite
phase has different work hardening behavior than the alpha phase (martensite), moni-
toring work hasdening s meaingfu. The comprison of the substitution ofth s
L UTS and 0.5 yield sicengh with the siein nd szt fractue il be exam:

inc:_d at the_ end of C_hapt_;:r_ 4.
Since Jyc and K, are related by the following equation* =

N e e e (L)
E T (1.3)

equation 1.1 implies that Jj, follows the proportionality rule
Jeo €0y L (LA

According to Ritchie et al.”’, equation 1.4 is nearly equalized by using characteristic

length, Io*,

. =~&,00. (1.5)

In case of microvoid coalescence mechanism, lp* typically scales as a multiple of the
mean distance between microvoid-producing particles, and this is a measure of the

blunting size at the crack tip.*

The final parameter that may significantly influence the toughness of ductile materials
is the inclusion density, which determines the density of nucleated microvoids that lead
to failure. The ductile fracture theotiés suggest that =~~~
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““son-and his coworker studied the K. dependence-on-inclusions in AF141

McMeeking’s numerical . calculationsof void growt

J] oc O-O

(4 \/E ’

(1.6)

where Ny is the volume density of active inclusions.*’ Equation 1.5 has essentially the

' sdrhe form if the characteristic length ‘§calés as inclusion ‘spacing. Interestingly, the
* models 'pr'cdict that the inclusion count has a much stronger influence on the fracture

v_toug_hne,ss as the yield stress v'ri'se,s, whiph,vzsugg”9§ts__: 't;h-?t_ the effect should be most

apparent in thevhighest s.tre.ngth ductile steels, such as AerMet 100. This prediction is

in qualitative agreement with a number of recent observations on the behavior of

~ductile cryogenic stecl‘s.v‘”‘ o

*“which seems to work well for ultrahigh-strength steels is the: Garrison’s model. Garri-

48,49,50,51
0.4%

. They modified the Rice and J th‘sOn.'modelsz"by taking into the account of the result of

h:.§;3A'54>_‘ .

According to their model, the crack tip opeﬁing displacement at fracture initiation, d,

scales as -

8. < X,(R,/R), (1.7)-

~at least for some high strength steels, where Xo “is‘the average three-dimensional

‘Tiearest neighbor distance between inclusions, and (R, /R,) is the average of primary

void radius (Rv) divided by the radius of the inclusion nucleating the void (Ri), here we
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= ea_l;l_(Ri{/Ri) as void-growth factor. Xo is calculated by the relationship,5 >
X,=0.89R,/f'", (1.8)

~where Rois the average inclusion radius and fis the :volume fraction of the inclusion,

- which was-assumed equal to the areal fraction.*®
- .The'crack;tipiopehing ..dis'placemerit,.aé}c; is-evaluated by the following re]ationships.5 7

6,=d,(J,./0,) (1.9)

’_I‘hi__s ‘\_{_z-ll_oe_“c.z'nxis:‘ a_- fllm_ct-ionof- >\5{or1';_'=h?;dening coefficienf, n, yield stress, O'y; and
Young’smodulus,E, be.lsed’ on ‘calcule‘:lt'i.o.r‘le by Shih.’” The higher n and E, and the
iob‘vé'r‘&y are, the smaller d, becomes. Aceording to this model, fracture toughness, Jie
: i_“-in‘or._eas_esiwiithv crack tip opening displacement, &, and yield strength, O'y, and decreases
with d,. For higher O, and tﬁerefore Jic ya‘t coostant o endrd,,, a lower volume fraction
| of pnmarypartlcles or‘h.igher void gro\.r-vth“ f.al.ctor‘or. bOthlS -r‘e;cio-ired. The primary voids
wﬂ] _teod to.éroyv unt11 the Iinter.v‘.oid: reglon eoale-s_eee; v1a secondary void sheet forma-
tion‘ or untll thepnmary .v‘oide ir.npinge uoon each other xjfhu-s a larger void growth
ratloand lower pnmary porticle Volume ffac“ti.on:_ w_oﬁidoe_beneficial for fracture

toughness.

- --Equations 1.1 through 1.9 were exanlined for three heats of AerMet 100 to determine if

-- these models were applicable to AerMet-100.. . - =

23



+ 2. "EFFECT OF INCLUSIONS ON TOUGHNESS ... =
2.1 Introduction

Experiments in this chapter were conducted to examine the following features of

AerMet 100 by using three different heats of AerMet 100:

1) The general properties of AerMet 100, i.e. microstructures and mechanical proper-

ties.

2) 'The wide v”an'ation .o.f tbﬁghnésées unveiled m ihcﬁsfepl ml)vand quantitative analysis

* of this toughness variation from each step of the ductile fracture.

2.2 Experimental Procedure

2.2.1 Materials and heat treatment

- Bars of three randomly §clect¢dh_¢a,ts of AerMet 100 produced by Carpenter Technol-
. ogy were used in this s_tu_dy.} Chemical analysis. of these-three heats was conducted at
.’__P_Iljtag_hi; »Mcvatals‘, ‘:Lt_d‘_:.‘at; one time to increase the accuracy of the vanalysis‘ of trace
.elements. Thé bars had the dimensions of approximately 100mm" x 32m1)nT x 2.7m",
_and fhey all came in as-annealed condition. All the experiments for Heat *1 and *2
were conducted at the Lawrence Berke.ley National Labofatory. The tensile test and the
ffacture togghn¢ss test Qf Heat “3 were cond.qgtﬁeAd.by\ thg": Nayal Air Warfare Center.
_Méchanical test speci'réc;-;l rblanks v;erc; cut from the matenal, and then austenitized at

885°C for 1 hour, quenched in oil to room temperature, transferred to a liquid nitrogen
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bath (-197°C) and kept for 1 hour, then warmed to: room temperature in air. Finally,
. they were. aged at 482°C for 5 hours. Tensile and.compact tension (CT) specimens
- were then machined in the L-orientation. and L-T-orientation, respectively, frbm the

‘heat-treated blanks.. - -

2.2.2 Microstructural analysis

1) Optical ﬁﬁcroscdpy G
_:Spe,ci‘mens for ,thical __mjgroscopy were cut frqm,__ thq h;at,—t@ated blanks. The plane

_ pf_:_rpcndi_culgr to. the Iong_i»tud_inal direction. v_v_V_*as_{_’po’lj_vs‘hvev__dj and etched by an acidified

FeCls sqluti_(__)n, 200ml HC1 + 200ml H,O + 20g _I__*“gC_l;, to g@\{ealLthe microstructure.
'2)"-"Traﬁsmissi(-)n éléétir.dn*nﬁcrosébpy:“ Lolomrn Do

Thin specimens for TEM were cut from the heat-treated blanks, then ground to about
75um, and electropolished in a perchloric acid-methanol solution at —~40°C. Carbon
extraction replicas were used to observe the prior austenite grain size and analyze fine

precipitates by ehergy dispersion spectroscopy (EDS).

* + 2.2.3 ‘Mechanical properties »

1) Heats *1 and *2
‘Tensile properties were determined using 3.2 mm x 3.2 mm square cross section area

and 25.4 mm gage length flat tensile specimens. The tests were conducted at an initial

strain rate of 5.0 x 10 per second at room temperature.
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. Fracture initiation toughness level was determined by the J -integral fracture toughness
t(?_s‘t V{n_(:th_.od acpording_ to ASTM E581...3-_89,____qs_in>g_Vthc-_:”s_ingle specimen unloading
compllance method. Corlnpaé_tEtensiqn_slu_)nec\i_‘x‘ne‘n_s- Without_ »s'i_d_e. grooves were used. K.
: was :e&a.luatgd by gquéiion 13, wl}cre yélu_es: of ‘You:ng’SE modulus, E' = 194.6GPa, and

Poisson’s ratio, v= 0.28, were taken from Carpenter Alloy Dat_a.4

- Critical crack tip opening displacement, dc,-was ‘evaluated from equation (1.9). dn in
* ‘equation (1.9) was Obt"ain.e'd from S’hiﬁ’é plot in plane strain condition®”. The average
work harderﬁng coefficient,. n, was calculated from the slope between 0.2% yield
_stren__g';h_ and ultimate te:nsli“_lc Vstrvf.:ng.th in log £ - log o p'lo}: of Heat #1 and #2, and
~ average of all t:f::nys_il‘c data, 0. 114_\_7;/_21% usedfor the n value ’-:ligic__calculated number, d, =
0.57, was used for the evélgati_ogg_:of __é}c.i_fl_‘o_rl‘_._‘a_l_l Vh‘_c;,ats_. Th]S value is close to the number
of Gartson's analysis for AFI410%, . d, =06. Al hese values were also wed fr
the cxalaton of Hest #3 sice the tensie proerics btind from the Naval A

Warfare Center were not complete.

) Hews

Mechanical tests on Heat *3 were conducted by the Naval Air Warfare Center. The
- “fensilé tests were performed usiig round cross section specimens, and Kj, tests were
conducted by -ASTM E399-90 ‘using compact ‘tension specimens. J; and & values

were calculated by using equations (1.3)and (1.9), rvésliécftivéi"y:_'

26



.2.2.4 Inclusion characterization and fractography-:- - -+ -~

’W_*;;Specimen"sr for -optical ‘microscopy were -re-polished ‘carefully so that no harmful
-scratChes.appeargd.on- the: surface used for the particle counting. The overall particle

- density for large inclusion sizes was determined at low magnification to estimate the
L th:dimensional’ mean particle spacing,'ll\/N , using equation 1.6. Optical microscopy
L imageé of polished cross-sections were taken '-at:,SOX;magnjfi'c,aﬁon, over a total area of
36 mm? The number of particles whose diameters were larger than approximatply 2

um was counted.

Detailed particle measurements were obtained from optical microscope images of the
same sample taken at 400x using a digital analysis system. A total area of 0.35mm’
‘was used to determine the particle volume fraction;, f, the average particle radius, Ro,
' and the aVerégé three dimensional paiti;cléf’éﬁaCiné,fXa; as noted in section 1.4.2-2. The
' “based on the estimated resolution of the imiaging systém.

| Fractographs of the fracture surfaées were used to determine the extent of void growth.
The fractographs were taken just ahead of the stretch zone at a magnification of 1500x.
From these fractographs, voids containihg particles were identified and the area of the
void and the nucleating particle were measured; The void and particle radii were
calculated from the vmeasﬁred area ﬁsing the assumption of spherical voids and parti-
cles. In cases where the particles had fractured, an average radius was 'calculated from

the combined calculated volumes of the fragments. Void growth factor was calculated
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- using the void radius, R,; divided by the radius, R;, of the particle nucleating the void.

--The same ;fréctog.raphs:-asﬂ- for thev-‘prim-ary":-voi__d -growth- were also used for both the
evgl,ﬁation_jof secondary void coalescence, and the measurement of dimple size in the
coaiescencfe sheét:'ﬁrea,. The number of secon(iary voids waé counted in the area of
abcj_uf O.25i mmé,' tﬁén the mean secondary voi;di sﬁacing was calculated by taking the

inverse of square root of the secondary void defisity. Then this process was repeated -3

" times to get the mean value for the secondary void spacing.

2.3 Experiimentﬁl Results

2.3.1 Chemical composition

: v
The -'result? of the. chemical analysis for all three heats are shown in Table 2.1, The
m:;i'rl: alloyzing elerﬁents of Heat #1 to #3 are almost the same except for a small change
in the Co <§:’0ntént m Heat #3. On the other hand, the amount of oxygen, and rare earth
) 'n-letéls> ;n HC‘E‘HA #llsmuch :l.es:é than—tﬁat“;ﬁHeat#Z,énd the amount in Heat #3 is
located in the middle. These three heats all meet the specifications of AMS 6532 in

Table 1.4.
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Table 2.1 Chemical compositions (weight %)

‘Heat S e T A 3

C | o2 . om0
oMo | 12 118 1.19
CMain | Cr | 300 0 293 - 3.07
Celements | Ni | 131, - 1108 .. 1L14
eigw) | Co | ;s 1348 16

‘Fe | Bal.  Ba. Bal.
SRRV T T Ty T 0
T 120 - 100 - 140

P | 3 30 30
gt de .
e nat 12 6
SRR 5
72 20
La T a4
‘Nd 20T 3
Pro-p <10 <10 <10

Trace
- elements | O
oepm)- | N
Ce

23.2 Mjcrostr.uéture

thi_cal micrographs in Fig}lre 2.1 show relatively messy manensitic microstructﬁres,
;‘bl-lt éll thfee ﬁeats seerhn. fo have ;q si@l# pnor 12-.11‘1s>tenit“e‘ gram éi?e of about 10 um. The
‘ TEM bnght fiéld imaée of H-efath#l }'n Flglll‘622 alsoshows 'abbut a 10 um prior
_.austerﬂlite' grain structure, ._a._nc.l a lathrmcrostructurethat 1s ﬁ.;)t A\v&elll oriented. Figure 2.3
shdws thé oriéntation rélaﬁonshib bawe(-a;l‘.»aéjarcént laths, and it-illustrates that there

are two variants within a packet and the laths are decomposed into crystallographically
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. distinct subvolumes that are smaller than 0.5-um. Previous papers also report these fine
 mictostructures and corrlates Acrmet 100's high toughness with this fin effective
g_reﬁn size.”jA 12,13 14_A TEM image of the éitraction, _fe;plica of Heat #1 is shown in

; Figuré 2.4. The priér ﬁa_us‘te:;nité gr;fiinmsi;: 1s_ cleaﬂ;s;ownm Figure 2.4-ato be about 5
- to 15 um. Higher magnifi?catiqn in Figur:e: 2.4-b) reveals Fhat there are tWo_ types of

- precipitates, one about 50 to 300 am in diérhetgr and the Q;_tl"ier.about 5 to 30 nm. Small

~ size precipitates were too small to obtain enough EDS counts for analysis, but the EDS

»analys—is“ for the Iarges;ze ”pr»ec‘il;i"t-ate shc.)wn. in Figur—é' 2.4-¢ was obtained, aﬁd it
showed very high Cr counts with a small amount of Fe. From Ayer and Machmeier"s

o work! it is’ reasonable to assume théwlér'ge pfé&ipitatés' to be M,;Cs, and the small
" precipitates to be MC carbides. TEM analysis on Heat #2 showed almost the same
"-result as Heat #1, but TEM analysis was not done.for Heat #3 due to the limited
number of available- blanks." The carbide spacings are roughly examined from ap-

" proximately 350 }.J,mz of ‘the extraction replica image. The Teslts for Heats #1 and #2

are 1.94 wm and 1.74 pm, respectively, *

. 2.3.3 Mechanical prépgﬂies

" The results of the mechanical tests on- AerMet 100 -are: shown in Table 2.2 and in
“Figures 2.5 and 2.6. The relationships between: Kj, vs. 0.2% offset yield strength, and
- <Kje vs. ultimate tensile strerigth are plotted in Figure 2.7. The published data of AerMet

100 by Novotny'® is also shown in Figures 2.5 thréugh 2:8 for comparison.
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Table 2.2 Mechanical properties of AerMet 100 among three heats

Tensile properties:. . .- ... | - Fracture properties

02% Y.S. U.TS. total ¢10n. Jic Kic 0

" Heat specitien| (MPa)  (MPa)” ~"«%) | (kJ/m?® ‘(MPavm) (um)
1 1| 1775 1946 94 | 1731 1912 35.7
o 2 1769° 1935 = 9.6 | 1576 = 1824 50.7
o 1T | 1682 20437 107 | 648 1170 2138
2 .| 1705 1992, .- - |. 594 . 1120 20.0
3 ' o 513 104.1 17.3
31 | 11 w17 | 1000 1460 332

. The 0.2%,0f_f§<_:t yield strengths (YS) and ultimate. _t@nsilei strengths (UTS) of the three
. heats are alnio_spthqs’ame_ and they are comparable to Novotny’s (Figure 2.5). How-
ever, we see higher fracture toughness values for Heat #1, and lower values for Heat #2
than Novotny’s. Onl.y Heat #3 shows almost the same level as Novotny’s. Errors
cormng from the test conditions are obviously much smaller than the difference
- between the heats: The effect of heati,.-treétm¢nt-,o'nFth'e toughness-strength relationship
.as examined by Novotny is shown in:Figure 2.7. These. ,d‘ai& fita sing]e trend line with
~“slight deviations, which'is a typical result for high strength steels. If we try to increase
- -the to‘ughness,-: the strength goes down, and:if w.jé_:.try' to increase the strength, the
. toughness ‘decreases. The data-for the:optimum heat treatment condition obtained by

- “Novotny are located near the results for Heat #3. Therefore the location of Heat #1 is
‘understood as the extremely high toughness-strength combination. Heat #2, on the

. other hdnd, has the lowest toughness-strength combination. .~
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Fractogfaphs,"of a typical CT specimen are shown in Figure 2.8. It clearly shows»‘that
-the fracture occurred by ‘.ductile rupture. Funhennore, the fracture suffaces consist of
essentlally two different types of dlmples One set eon51sts of the primary voids, which
:eften contalns uen]eles “and are. relatlvely latge T hevother set consists of secondary
v01ds whllch“ate'relatlvely‘ smah andvenly sbrne 'ef u'hleh contetn small particles on the
erder ef seueral tens of nanonleters In pnrnnry Vvo'luclls lntge‘uultlcles above 1 pum were
_;ble to be 1dent1hed and they were ttetetnnnect‘ to be tnamly exysulfldes or oxyphos-

phates of rare earth metals by the EDS analy51s However, smaller particles less than

- 0.5 um in size were difficult to analyze because of their small size relative to the probe.

Extraction replicas of fracture surfaces were also attempted, but only large oxysulfide
ot 6xyphbsphété"partic‘1es‘co‘uld':'be' 'exit'r‘aet"ed'; and smaller particles were not able to be

identified.

© 2.3.4 Inclusion characterization

“Low magnification (50x) optical micrographs of polished specimens of three heats of
_._AerMet 100 areshow_n m Figure 2.9. ,These;nncr‘ogﬂretph‘s eleenly reveal the difference
of partlcle ceunts tnthe“mattrtx. Pietures are shown -ats -the ereler of toughness values
(hlvgh“ to‘ low troxn left- to néht) so that the tendeney- can be e;sﬂy seen. These micro-
gtaphs. shovtl the typlc-at number of pemcles-ln‘ the cross seett’en The high toughness
heat _contalns _the smaltest_ number of pnrtleles andﬁt-h_en»le\uteug:hness heat contains the
largest nunlber of particles. From analysis of thepohshed suttaces, large particles were

again identified as oxysulfides or oxyphosphates using EDS analysis, but smaller
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particles were difficult to identify since they were too small relative to the probe size of

EDS. They could be non-metallic inclusiorfs or large M23C6 particles.

The areal particle spacing for 1arge paﬁicgleé is tabé]-aiéd in Table 2.3 and is plotted
agéinst fracture toughness in Figure 2.10. It 1s _appalf‘ené that better fractﬁre toughness
is ébtainc;d by-wider particle spacing. Sincée the mlnlmum resolvable particle diaInefer
is ;rOund 2 m;l,‘it is assumed t}i;y are aljrﬁost all non—metalhc inclusions. This plot
bas%ically follows the model in equation 16 becau%e the yield strengths of all three

heats have almost equal values.

i i
i

- The parameters related to the inclusion particle count-obtained from a high magnifica-

tioh (400x) analysis of cross sections -and gfréCtUrc surfaces are tabulated in Table 2.3.

There, the highéf toughness heats tend to have snialiefr inclusion volume fractions,
w1der3-Dpartlcle spacmgs, and gr_eété'rt vz)ld growthfactors, but the average particle

radius doesn’t vary substantially. Since thé;inclusioﬁ: volume fraction of AF1410 was

reported as 0.00036*, these numbers scem to be reliable.

Fiél)fé’ill’ stQs‘ the Si’zé”dis’tﬁb’iitfdhéé of the partlcles observed on the fracture
surfaces of compact tension specimens. The mediaﬁ Valuc is about 0.5 pm for all heats.
But the:_heats are .different in their distributii'c).ﬁ of laréqu&articles. The distribution fehds
fo be r_n'or.e'_, skewed for low toughness hieéts,.:}md they have larger maximum sized
particles. F}gure 212 showst};e relat1onsh1}3between void radius, R,, and particle
radius; R, sitting in the void. Void radius is pfoéonidnal.'to particle radius up to arouﬁd

R; = 1.0 um. Thereafter, the relationship becomes non-linear, but still monotonic
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. Table 23 Miérostmctual prqpertiés of AerMet 100 among three he*ci'_cs.

Heaf#l :
(HighKc) -, (Medium Kic)

Heat #3

. ('LOW ) ch)

Polished

Cross
section

Low magnification -
- |spacing

analysis -

(50x) - 3:_6': mm.2

inclusion

TN
(mm)

0.79

0.39

0.29

High magnification -
5f fraction

analysis_
(400x)
- 0;35m.m,2

volume

‘{harmonic mean
~linclusion diameter

' laverage
i/linclusion radius

. 13-D’inclusion
' Ispacing

0

H@)
=

Ro
(pm)

. Xo ,
() -

'\

000028

0630

0.495

6.7

SR
i o

0.00046

0.666 -

0.523 .

6.0

7 0.00067
0,668

0525

5.3

Fracture
surface

SEM analysis
(1500x)

Average void
growth factor

(RV/R1)
)

6.8

54

4.7

(Inclusion spacing)*(Void growth factor)

45.6

32.5

24.7

Xo (R7RT)



growth is seen. The effect of initial particle size on void growth can be seen more

'clearly by plottmg the void growth factor; Rv/R,, agamst particle radius, R; (Figure

- 2. 13) Voids mltratrng from smaller partrcles tend to show more growth relative to their

. ~-mrtral- srz‘esvthose initiating from large partrcl‘es...v-T.hls «deviation from linearity could be
caused by the impingement of the neighboring voids because the apparent void diame-

ters in this region are bigger than 3-D average inclusion spacing.

" Critical crack tip openrhg'displacerhents}' é}c ofAerMet 100 are plotted against the

parameter X (R / R, ) Where Xo, is the average 3-D pamcle spacmg, and (R /R, ) is-

| the average v01d growth factor We a]so show the data of other high strength steels

“ exammed by Gamson et al (Flgure 2. 14) The fS}c values for AerMet 100 show a -

linear relationship to X, (R, 7 Ri), and those values matches Garrison’s model very
well, though the slope of the trend line is slightly steeper than one. They also lie in the

"rang’e'of the data obtained by Garrison et al.*

.Figitire‘ 215 -shows an eX'aIrrple"Of a secondary void anal'ysis of Heat #1. Secondary void
ﬁisﬁac‘i'ng's' \vere calculated frorh the hl'aek and white ihqag'e'ot the secondary void sheet
" Coalescence area. S.e'cohdar'y void spac'ihgs of threeheatsareshown in Table 2.4 and
Figﬁre'2f 16 Vwi_th their standard 'déviatiorrs;’l; heyhavesnmlar values irrespective of
their.different toughness levels, and show that 'GaﬁisOh’s model only holds for the
prirnary”void distribution. -Interestihgly;'these spaeihgs are eorrrparable with the carbide

spacings examined from the extraction replica.
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. Table 2.4 Secondary void spacing (m)

Heat#1 * “Heat#3 ~ ° Heat#2

, | HighKig)  (MediumKic) . (Low Kic)
“Mean 1261 1210 1330
_.;Standard_ deviation 0.123 - 0.094 0.068

2.4 Discussion

‘The fracture of all three heats of AerMet 100 oecnrred 1n-a fnlly ductile manner, though
thelr toughness levels were tlurte d1fferent. As“noted 1n seotlon 1.4.2, ductile fracture
occtlrs in three steps ie. bluntmg, t101d nueleatron and growth and v01d sheet coales-
) cence Our datav suggests that the void nnoleatron. and growth process seem to be
.' :dorrunatlng the fracture toughness, btJt still rmcrostmctnral’feattlres in each step should

P

'be examined carefully.

2.v4.,1 Inherent strength effects on.blunting e

- “Microstructural features such as prior -austenite grain size, lath structure, and undis-

~_ solved carbide distribution, do not differ greatly between high toughness and low

toughness bars in the above section. In addition, the 0.2% yield strength and ultimate
ten‘srle ‘strength levels are almost eqni\:/a-l'ent (Table22) Hence the inherent strengths
of the three heats at least in the early stage of deformat1on appear to be the same.
- However a close analysrs of ‘the work hardemng behavror the reductron of area, the
strength’ of grain boundaries, the cl'eavag'e fracture st;rength,; and so on should be

' “performed to discuss the inherent strength for blunting since fracture toughness meas-
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ures ‘the strength- and deformability under highly. hydrostatic tensile stress and the
ductile brittle transition temperature, T, might be very close to the testing temperature
~under this kind of geometry. Furthermore, inclusion content acts on inherent strength

due to the shear localization, and eventual blunting process.

- 2.4:2 'Secondary voids effects on microvoid coalescence

The final microvoid coalescence process is discussed before void nucleation and

growth process since the experimental results obtained for microvoid coalescence
didn’t show any effect on the toughness or the strength of Aermet 100. As shown in

Tabl{e: 24 and Fi-gu-re': 2:;.ié,'mic.r(')vc.)idi:c-oal»éscén'c.e :proé.esses ih thé three heats all end
w1th a secondary v01d gpz.tvc.ing‘ of aro“'uﬁ.d ;1.3 p,rnT hesecondary voids could be formed .
by VOld rhurcrle.ati'on“ frém. thev sécbndary. vbailiriticilesi,v;(:).r. by sivr.nrp]e micro-tears. If void
-nﬁ%léz;;i..c;n dommates, the secondary pafticlés nucleatmg vo‘ifdsv. appear to be carbides,

such as M»3Cs and MC since these spacings (about 1.8 p,m)r ére in the same order as

secondary void spacings.

2.4.3 Inclusion content effects on void nucleation and growth

~ As discussed above, it appears that all other microstructural parameters except inclu-

sion distn'butimf are nearly the same. for the three heats. Given this information and

that shown in Fi%gure 2.10, it is simple to state that the inclusion content is dominating

the f;aciure toughness of AerMet 100This provides a great tool for the evaluation and

control of fracture toughness. From an engineering point of view, two dimensional
analysis is relatively easy to do, and specifying the distribution of inclusion greater
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than approximately 2 pm diameter would be an effective quality control tool for the
fracture toughness for this alloy. Eliminating the large inclusions and expanding the

inclusion spacing leads to toughness improvement. - =~
For the use of Garrison model, the inclusions which nucleate the primary voids should
be estimated first. The la'rgewpanirclevs 's-it’t-ih'guih voids on the fracture surface were

identified as',;oxysiilfidé'or'c'>xy‘phosphét'e, but smaller péﬁic]és could not be identified.

A 'co'mba»riédr'l can be made of the inclusion volume fractions as measured by polished

" cross section and fhaf“o'btairiéd by'éﬁalys‘i's '('“)Hf' 1mpur1ty chemical composition. This

prov1des an mdependent venflcatlon of the apphcablhty of the Gamson model shown

in Figure 2.14' The amount of non-metalhc 1nbli1s1on can be calculated from the

‘chermcal composmon assummg that 1) S P Ce La Nd and Pr creates 1nclus1on ,

which has a form of (REM)Z(O S)3 and has the den31ty of 6 g/cm and 2) excess O

forms Al,Os, and excess S forms TiS. The calculated values from the chemical compo-

. sitions ‘are compared with-the measured ;\_{,a,lue_s'gfrom the- polished cross sections in

o Table2.5. - - 0 oo e

Table2.5 Cbmpaﬁéon of partlclevolurne fraction between the measured
. values and the calculated values from chemical compositions

.- Heat#1. .- - Heat #3 Heat #2

(HighKic)  (Med.Kic)  (Low Kic)
From polished cross section - |*--.280 - = 460 670
Rough estimation from chemlcal 338 55 178
: - composition S
Excess amount of particle 242 ~405 - 492

(unit: x10°)
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~Values obtained from the polished cross sections show higher inclusion volume
fraction than the estimation fro_m chemical c"01.npos‘iti0n. Taking into account the fact
’ _t_hat thz(t m.ost of fﬁe void fuicleating péﬁiéiés_héve theradu 1arrox-1nd 0.5 um, and M;,3C

”ca.rbide hayé radh raround“O;OS té 0.3 urnthe pnmary »\"oid”nbucleating particles might

have two different chemistries, one being a rare earth metal oxide and the other being a

carbide. If we assume large undissolved carbides are associated with the primary void

nucleation process, the large difference of volume fraction _in Table 2.5 can be under-

stood. Another source of error might come from the digital analysis system. Since .

particles on polished cross sections typically have a hillock shape, they might create
" shadows. Black and whité‘images used in-the-areal fraction may be adversely affected

" by these shadows. Sincé this is-especially-trué for large inclusions, samples with more

large inclusions, will have larger error in"comparison with one-which has fewer large

*": inclusions in it.

_ -Even considering .fhe-sej pgééiblé ér;or_s, fh;: result m Flgur6214 is intuitively correct.

1lFracture toﬁghheés vaAl;J-e.sl »é.an be irhpf;)ved:By mcreasmg elther the inclusion spacing
Cor .void growth factor .I_n casethatmclusmn voiuiﬁé f?éciibﬁ—is difficult to reduce,
makmg larger irl»cluéi;c>ﬁé. Wi:ll 1ncreasethemclusmn spacmg (iﬁ‘tlzklis case, however, one
r}nist Qatch to see if the “void grthh fae-tbf.decfeas:'e_s;jat thé éarhe time). Increasing the
Qoid growth facto¥ 1s 'n(r)thc.)Bvi;)urs but 'all‘cwlloAséﬂ ‘analys.i.s.".t/)f thé »V\‘/ork—hardening behavior

_of AerMet 100 méy givé-sbfne indication of how it m'a_y be accomplished.
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2.4.4 Improving the toughness

~From the result and discussion in ihis chapter, increasing the particle spacing seems to
- =’be the :on’lyway to improve the toughness without sacrificing the stréngth. If the
mclusmn chtent._is mainiained at the leyeli of .Heat‘ #1, the fractﬁre toughness
‘.f(lé:()M.I';‘a.\/m) w111 be Wéil ab(?)ve”the spe01f1cat10n = ilOMPé\/ﬁi) in Table 1.5, and the
.p.roduct.v‘vil.l achie-;/e the best combination. of strength and toughness of any ultrahigh
sfréngfh.‘ But- ﬁlaiﬁfaining' th1s low level of -inclusion content seems to be difficult

“judging from the results from the other two heats:

Furthef _imp.rové-rr.lent of fracturé toughness £rc'>_rrr-1itf1‘e.rlevél 'of“ Heat #1 is even :more
A:diff'icult. K. is proportional to squére root of Jj, or & , thence the linearity between
E mclusmn Sp'acing and ch or &, obtamedm thlsstudy 'Ohl'y'Béélrs the square root rela-
g tlonshlp .jWi.t.h"Kk.'.T:ha'ty means1f Wé try to inwéfe{é'iséi theK,C for 10%, we need to increase

i ‘the inclusion Spécing 20%; a 30% increase requires 70% increase of inclusion spacing.
- - However, ‘,jf_:.sr_navllrer pnmaryvmds played an };ppoxft_apt._fple; in determining fracture
.. toughness. and if they were created by ﬁndissolve& carbides, then by finding th'e opti-
mum austenitization temperature .or modifying the alloy composition(such that the
’ pﬁdr Quéfehité' grain éizé is vef); smallandlargecarbldes are ;(iiésolved) we may bé»able
to obtain a large inclusion spacing. On the other hand, if the fracture toughness is
~.controlled by large iridusions as is. inaicated in:Figure 2.10; achieving further reduction
- of inclusion volume fraction is going to be tough. Still, reduction of non%netallic

inclusion volume fraction is really attractive, at least at the experimental level.
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2.5 Summary

From the comparison of three heats of AerMet lOO all with the standard heat treatment,

 the results can be summarized as follows:

1)

%

3)

4

5)

6)

tensile strength levels were similar. . . .

Fracture. toughness showed. a. wide variation.among.three heats though their

This wide variation of toughness values is mainly due'to inclusion content. The

“wider inclusion spacing due to the Jower inclusion volume fraction, and the

Sub.seq’uén_t ‘increase in void 'gréiiftﬁ"'féétof contributed significantly to the

fracture toughness.

One kind of particle that nucleates primary voids is oxysulfide or oxyphos-

phate of rare earth metals. Undissolved carbide might also be a nucleation site

of primary void.

Microstructural features such as prior austenite grain size, lath structure, undis-

solved carbide were similar between Heats #1 and #2.

Secondary void spacings on microvoid coalescence sheet were similar among

three heats.

Maintaining the inclusion content in the level of Heat #1 can improve the

toughness of AerMet 100 on élérgé;scal»lié.{ R
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3. DUCTILE-BRITTLE TRANSITION OF AERMET 100

3.1 Introduction

. Not only understand_ing i‘h‘e: ductilc:fract__ure_behayi_o_r, but-also understanding the
| :ductile-brittle transition and brittle fracture ‘mode is important for improving the
toughness of ultrahigh strength steel. Since fracture toughness tests, such as Kj. or Ji
tests, iﬁvolve very high hydrostatic tensile stresses ahead of the crack tip, this rrﬁght
‘iritroduce a ductile-brittle: transition h'e'a"ff ambient temperature at the crack front. One
: g‘o‘od way for the evaluation of this diict’ilé-’bﬁt‘tlé transition is:the classical Charpy V-
" notch test. By conducting alow temperature’ CVN test, it iight be possible to demon-
strate the fractire behavior in a wide area-of the CVN fractire surface similar to the

crack tip of compact-tension specimen at ambient temperature: -

VThs ‘.hl;gh toughness and .lc-)w touighness he;ts (Heété #1 ancjlx#‘:Z) were chosen for this
test In addiﬁon .t(-) .'th-s:.sta.m.dard heat trreetl.tr:nsﬁ.t- :conrnl.dit'i-on,nh-ig}:lér temperature austeniti-
rz'aiion.‘ conditiojns. v'verenml‘lsed to study theﬂl;ffec.t ofpnor austemte grain size and veffec-
ti\)é gram size.. | o R

3.2 Experimental Procedure

3.2.1 Materials and heat treatment

Heat #1 (the high toughness bar) and Heat #2 (the low toghness bar) were used for this
test. Three different austenitization temperatures, 1100°C,.1000°C, and 885°C (stan-

dard) were used to see the effect of prior austenite grain size and effective grain size.
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_ After the austenitization,. blanks were {qu,enched in oil to Toom temperature, transferred
. toa l_iquid nitrogen bath (-197°C) and‘_kep_t ;f-_or 1 hour, then warmed to room tempera-
ture.. Finally, they were aged at 482°C-for -5 ‘hours. -Charpy V-notch specimens were
then machined with L-orientation from the heat-treated blanks.” Specimens for optical

. microscopy were prepared in the same method described in section 2.12.

3.2.2 X-ray analysis

- Since ' the- austenitizatlon “temperature may affect the behavior of retained and/or
reverted austenite volume fraction, X—ray diffraction analysis was used to determine
| the volume fractlon of austenite after various heat treatments Spemmens were taken in
| each step.ofq heat treatment and prepared bv conventronal pohshmg The calculation of
the volume fractron of austenite was detemuned by the standard “direct comparison

ethod =] In thls study, the mtegrated mtensrtres of the.(2(-)-0)‘ and the (220) austenite

peaks were compared wrth the (200) and the (211) martensrte peaks A Rigaku 300
| drfractometer was operated at 40kV and 200mA w1th Co Koc target. Since the X-ray
”resultsf‘r:omthe flI'St severa] runs of Heat#2 di.dn’;tl show -an}:’:ldlfference_from those of

Heat #1, only Heat #1 was examined under all heat treatment conditions.

C 323 C_harpv impact test

““The Charpy V-niotch impact test was conducted ifi accordarice with ASTM E23-96.
4 Specimens were machined to ASTM standard single-beam type-A dimensions with L-

‘orientation. Impact values were determined at test temperatures of 25°C, -54°C, and -

43



197°C. Specimens for -54°C were immersed in’ a"‘contfolled temperature dry ice —
ethanol mixture bath, and specimens-for -197°C. were immersed in a liquid nitrogen
bath. At least three specimens were tested at each temperature and the average of the
three was used for each result. After: the test; specimens were dried quickly, and

fractographs just ahead of the V-notch were takén in'SEM: - -

3.3 Exp'erimental Results

331Mlcrostructure and -vdiﬁiﬁe ;‘frac-ti.on ef austenlte o

Téhe effeet: of anstenitizing- tefnnerature_o-n”the-ept»_'ical microstructure is shown in Fi gure
31 Here, the mjcrostructune of Heat #1 i’sv'_Sh'.own as an example since there was no
- clear difference j_be_t‘ween two he-ats~.~Whenria'us»teniti»-zin g temperature increases, the prior

austenite grains grow, and prior austenite grain boundaries become clear and rectilin-
~ ear, The prior adsteni»te grain size after 1100°C aﬁstenitiiation was about 50 to 200 pm,
and after 1000°C austenitization it was abouf 30 to 50 um. Prior austenite grain
ndn.ndary for standard 885°C anst:enit‘ization-.is hard tomeasure in the optical micro-
' éraph, but with ;he aid df TEM r.nierograp-):l‘ls-,” 1t1s found to be on the order of several
‘rnicr-ons. Accordmgto Gno”; vrnartenafi.te Jlat-h.-s austenmzedat 1150°C are well aligned
in the packet, as oppesed tothermsahgned lathsat Ene: standard austenitizing treat-
* ment. Hence these higher: austenitization treatmente seem to be deleterious to AerMet

. 100’s small-effective grain size.

The volume fractions of austenite under several heat treatment conditions are shown in



“Table 3.1 and vFigure 3.2 for Heat #1. The volume fraction of austenite is around 5 to

6% in the as-quenched condition. The deep freeze treatment reduces the amount of

austenite down to less than 1 %, but the volume fraction increases slightly during the

;_'ag-ing; treatment to above 1 %. The é:fféct of the auét@;nitization temperature was not
* “that significant, but austenitization at 1000°C-and-1100°C appears to produce slightly

higher amounts of austenite than the standard heat treatment condition.
Table 3.1 Effect of austenitizing temperature on the austenite volume fraction (%)
Sample: Heat #1 ‘

17 (A)1100°C~ -~ (A)1000°C - (A)885°C,

o o ~Standard
" Quenched |° % -~ © 58 - - -~ 558
‘Deep Frozen | 0.81 0.69 _ 0.93
Aged 1.56 1.62 1.25

*: Data is not taken

3.32 Charpy impact energy and fractographs

o The results pf_ ‘Chafp-y_Vv—-n‘ot»_ch :i’-mv_pa}.ct_ ;t-est_ areshown n _T;ii_{)lc‘e 5.2 and Figure 3.3, and
: rcpmparg_d t_o'ghe”publishedb data by Nﬁovotny?o'. _As_mshc_)_w;n’i __inj__the figure, the impéct
,en‘e‘rgy_ qf Heat #1 with §t_a_ndard__aust¢nitizati:§n (885°C) tested at 25°C is aboﬁt 40%
higher than Ngyotny_’s value. On the Qt_her hand,rthc;{ impact energy of Heat #2 in the

same condition shows the same level as Novotny’s. ‘ .

- Ductile-brittle transition for Heats #1 and #2 in the standard condition seems not to be
finished even at -197°C. Specimens for both Heats #1 and #2 austenitized at 1000°C
: appea'r to have‘-up_pe'r shelf energy values at 25°C, and lower shelf values at -197°C.
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" Table 3.2 - . Effect of austenitizing temperature on-the temperature dependence
of the Charpy V-notch impact energy

Temp (°C)

| 197 -54 25

(A)1100°C - 119 ¢ - . 338 38.6

. Heat#1 (A)1000°C o161 515 71.7
o [(A)885°C(Std) | 410 T 590 77.5
. muoeeec T 99 . 196 313
CHeat#2  |(A)1000°C 129 0 410 544 .
. Jaessecstd) | 268 . . -494 . 542
Novotny ' R - 407 54.9

However specrmens for both Heats #1 and #2 austemtlzed at 1100°C appear to have
| lower shelf energy values at -197°C, but they don’t appear to reach the upper she]f ’

~values at 25°C.

h SEM fractographs of samples tested at 25°C and 197°C are shown in Figures 3.4 -
| through 3.7. Under standard austenitization treatment condltlon both Heats #1 and #2 »
:vhave deep stretch zones at the crack.fronth (Frgures 3.4-a and 3.5-a, bottom of the
pictures). After the stretch zone, they both fracture in the ductile fracture mode. As
- seen in Flgures 3. 4 b and 3.5-b, Heat #2 has brgger vords and larger inclusions than
.Heat #1. These features basrcally show the sarne‘tendeney as shown in compact tension
5 speeinlens'_in Chanter 1. When the_ austenitization te_rnperature is increased, the fracture
surface becémes bumpier, and other fracturemodes areﬂintrodueed. One is the cleavage
| f_racAture, /and theother 1s intergranularsen‘ariation. They are ,hoth clearly seen in Figures
34-¢ and 3.5-e. In this case, faceted cavitres Wrth cieavage fracture evidence on the

bottom surface plane are surrounded by steep bevels with intergranular separation.
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-_Elevated plateaus, each of which should be paired with a cavity, can be seen many

- places (an example is.indicated by the arrow in Figure 3.6-¢).. .

];'féctogfapﬁs "ovbt'éiﬁed'f'roﬁl: épééilﬁens t‘éstf‘:rd’: ‘af‘ -:1‘9.71‘V’C "sh'ow increased bumpy and
blocky fracture surfaces (Figures 3.6 and 3.7), and théy all have exhibit intergranular
scparagion along :i_ngli,n‘c—:d -surfaces. - Higher rhagnifig:ationj‘ shows plateau or cavity

i im_ages;ip which both cleavage and intergranular se’para,tj_on_ﬂ-_ are seen (except Figure
-~ 3.6-1n w‘hi'ch-”t;h_e,inclinf_:d_is};rface,_image has tiny: _cleav,agel surfaces about 5 to 10 um
_imbedded ina ‘duc__til;e‘fr_ac_t_gljc ;;_sin:facel)-, Figure 3.7-f'shows that intergranular separatibn
occurs by ductile fracture with dimples. .- -

- Fi gure 3.8is astereo palrofSEM fractograph prepared o show the height and depth of
"pl'a'téa'ils” aﬁd cavmes respectlvely -”fhe 1mageswereprepared with one picture was
‘taken with a10° tilt with respect to the other: We can see lairge Gavities with some small
" plateaus in the pair, éven a tiny plateaus sitting in the middle of a big cavity.

3.4 Discussion ~

3 As shown in the_ .rés_lllt;s,_:thg ‘su‘pentor toughness, _oﬁ__}%e__e_it #lwas exhibited again in the
impact energy of the stan_da;diauste_nitAiAzati'onv_, sai_mpl_es__, -and it is confirmed that this
toughness is repeatable due to the 10wér inclusion'fraction and wider inclusion spacihg.
The decrease of impact energy> toward lower temperature 1s graduallfor both Heats #1
and #2, and this is attribiited to their fine eff’eAc'five gram 31zeThe low impact energy of

the standard austenitization specimens at -197°C seems fo be caused by both inter-
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-granular separation and cleavage fracture: Grain boundary sliding of standard austeniti-
zation specimens appéars-to occur in the 50 ~ 100°wm range. Since this is much larger
- than the prior austenite grain-size, many grains must collaborate for this grain boundary

sliding.

The éffect of “p>n'.or austemte ’grain size cannot be seen in tests done at the upper shelf
~(this is vth'é-c'ase for-aiisteﬁi’_tii’zi’tioh at'885°C and 1000°C of Heat #2 tested at 25°C, and
‘ne_:_ar]y‘c;q:ual in, case for Heat #1 in the same qgn@{@ipn, too). However, as temperature
is decreased, the impact energies Qf the 1000°C a;ustenitization samples of both Heafs
#1 and #2 drop more sharply and reach the lower shelf at —1§7°C. These sharper
- transmons are causéd by larger effective grain sizes. The effective grain size for
-intergranular separation seems to be about 20 to-50. pm for 1000°C austenitization, and

~ . about.50 to 300 pm for 1100°C for both Heats #1 and #2: They-both matches well with

. 'the result for prior austenite grain size obtained by optical microscopy.

Some of the cleavage facet sizes appear to be much smaller than the prior austenite
grain size, but in case of large cavity or plateau, the horizontal facets seem to be just
one c_leavége plane, or at most two to three. This suggests Guo’s work that high tem-

AerMet 100",

Interestingly, cleavage fracture does not ordinarily penetrate prior austenite grain
boundaries. As shown clearly in Figure 3.7-f, intergranular separation is accomplished
by ductile dimple fracture. Given that the austenite volume fraction is about 1% and it
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- tends to sit at grain boundaries,'" the. grain'boundaries may be covered by thin films of
austenite, which stop the penetration of fast cleavagcfrac‘ture from one grain to the
Iqthgr. Sincerthe yi_e]d_ st»_reng}thv‘of the austemtephasels relatiy_dy weaker than that of
‘the.ﬁlartensite: p.hbz‘xs:c‘f,‘théy w-%)‘u_ld“be defoﬁl;.édr ;ae;sil‘}; 1f geoméfry allows. Therefore a

fracture sequence like the following can be proposed:

- 1) cleavage fracture equal to the size of prior austenite grain pops first,

2) if it is surrounded by relatively high Schmldt ‘f.ac__tﬁovr bevels, transgranular shear

deformation in the austenite occurs,
3) then, the blocky grain pulls out.

Hence changing the amount of retained/reverted austenite by controlling the heat
treatment may change the low-temperature fracture profile and the pre-cracked com-

pact tension specimen profile.
3.5 Summary

A'comparison of the Charpy V-notch impact test with high toughness and low tough-
ness heats of AerMet 100 with raised austenitization temperature treatments gives the

results sumnmarized as follows:

1) A very high impact energy was obtained from Heat #1 under the standard heat
treatment condition. The high toughness obtained in the J-integral test in chapter 1

was repeated using a different testing method. This high toughness was also related
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to the low inclusion volume fraction and wide inclusion spacing and a ductile

fracture mode:

2) The ductile-brittle transition temperature, T, increases if the prior austenite grain

size is increased by raising the austenitizing temperature.

. 3) Brittle fracture occurs in two modes,. transgranular cleavage and intergranular

separation.

" 4) ‘Tnitergranular separation may involve the deformation of grain boundary austenite.
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" CONDITIONS

-4, MECHANICAL PROPERTIES UNDER VARIOUS HEAT TREATMENT

- 4.1 Introduction

The results in the previous chapter show that samples treatéd at a higher austenitization

.. _temperature exhibited poorer low temperature toughness, but their tensile properties

have not yet been measured. Also, the standard austenitization temperature at 885°C

may not be optimized; an even lower austenitization temperature might exhibit an even

" better -combination_of strength: and . toughness properties.-To-find out the optimum

:.-.austenitization _temperfa‘tﬁre,, 1100°C and 843°C were chosen in-addition to the standard
. austenitization temperature. Also, there was a more complete evaluation of the results

- of the tensile test and the J integral tést for the standard heat treatment condition.

In the previous chapter, we realized that the d-ee‘;;)“ freeze treatment can eliminate about

5% of retained austenite. If this austenite phase is stable and locates at the prior aus-

tenite grain boundaries, it may change the nature of grain boundary sliding and inter-
granular separation. Hence skipping the deep freeze treatment was also included as one

of the heat treatment options.

As discussed in the section 1.4.3, the intercritical temper, which could intro:duce

reverted austenite at the prior austenite grain boundary and lath boundary, has not been

- evaluated yet. This also may change the nature of grain boundary sliding and inter-

granular separation. But introducing reverted austenite is difficult since a slightly
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higher aging temperature " also results in M,C preciﬁitation (Figure 1.2) and could
possibly lead to a strenvgth«drop. Under the assumption that a slightly higher aging
‘temperature than the standard 482°C with a short ‘aging time might givé the best
'_'_ combihatiqlr‘;l of téﬁghnesé and z:strength,'pre—aging treatments at 510°C for 15 minutes

- and 30 minutes wAere' chosen for two of the heat treatment conditions in this chapter.

4.2 Experimental Procedure

-4.2.1. Materials andheattreatment

The high toughn"és;s :'biar (Heat #1) and the low toughness bar (Heat #2) were chosen for
this study. Six different heat .téeatment conditions weré applied to the samples :from
-‘.%Athcse.ﬁbars.' "_l;“hey'_z‘lre. tabuiated m Table 4.1. Mechanical test specimen blanks were cut
froﬁythe méieriaﬂ_, and tﬁen heait it;ea‘ted in six conditions. Tensile and compact tension
(CT) Epecimens were then m.acghined in'the L-orientation and L-T orientation, respec-

“tively,. from the heat-treated blasnl;js.
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Table '4v;1

Heat treatment conditions.

Condition

Austenitization

Deep Freeze -

- Pre-Aging

- Aging . |

:-‘Hich T Austv(A)
; Standard (C)
g:i‘LOW: T Aust. '(>D)
DF skipped j(E)

“Pre Age 15' (H)

~ Pre Age 30"(G)

1100°C/1ht/ OQ

885°C/1ht/ OQ

843°C/1hr/ OQ
885°C/1ht/ OQ
885°C/1hr/ OQ

885°C/1h/ OQ

-197°C/Ihr
-197°C/1hr -

-197°C/1hr

- skipped

A197°C/1br

197°C/lhr

None
Ngne
None
None

510°C/15min/0Q+2

“ nd Deep Freeze

510°C/30min/00Q+2
'nd Deep Freeze

482°C/5hi/AC
482°C/Sh/AC

482°C/5ht/AC

. 482°C/Shr/AC

482°C/Shi/AC

482°C/5ht/AC

to

- *0Q: 0il _Quenc‘ﬁ, AC Air Cool -



422 Xeray analysis . B

The afnbunt 4c.>'f austenite was measured by the te’st»iné-_'rﬁe»iﬁod‘described in section
3.2.3. Since fir-s't several runs of Heat #2 didn’t show évny‘di.fference from Heat #1, only
Heat #1 was examined under all heat treatment conditions. The data in Chapter 3 was

. used for High T Aust. (A) and Std.(C) condition.

_ 423 -Mechanical properties

Tensile properties were determined - using 6::35mmﬁ,diafnetér‘ cross section, 25.4 mm
- gage length round tensile specimen. The test was’l.’;:OnduCtedl=at an initial strain rate of

5.0x 10’4- per second at room température.- Tensile elongation measured by a clip-on
. gage was digitized and stored for the entire ‘tes,t.-;r.The'_‘_lo'ad_'Vs;:.displacernent data was
-, spline-fitted to lgg;,l;Q'?. The data was translated into engineering strain- engineering
stress. curves -and - true strain-true :stress: curves.'The=:0.2%. offset yield strength
(0.2%YS), ultimate tensile strength (UTS), yield ratio, uniform elongation, total
’elongation, and reduction of area (RA) were mea_sure?_d. The ’tr}{e strain at UTS, the true
.stra‘i:r.l. .at'ffactil;;;;_ éﬁd the true strength at.f.r.z;cturé;* \{e;'eé:»a_].:cjg-lgted from the data. The
mstantaneouswork hardening :rate (WHR) "t_he neckmg cntenon i?l equation (1.2) is

reached .W.as also 'cé]culated, and p](;tted against true strain on a semilogarithmic graph.

The fracture initiation toughness level was determined by the J-integral fracture

toughness test method according to ASTM E-813-89, using the single specimen

* strain at fracture =In(1/(1-RA/100)), and
™ true strength at fracture = engineering strength at fracture-(1/(1-RA/100)).
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“unloading compliance method. Compact tension specimens without side grooves were
used, Kj was evaluated by equation (1.3) by using the same values of Young's

modulus and Poisson’s ratio uséd in section 2.2. After the test, specimens were pulled

apart, and their fracturé surfaces near;thc_ crack front were used for SEM fractographs.

43 | Experimental Results

4;3_. 1_ Volume fraction of austenite

' .-Tl‘%]e.?ffé(.:'t'--vo-f austenltlZlng tempe}atgfizand ofsklppTg the deep freeze on the fraction
- of austenite 1s shown in Tal;l-c;’4.2 and Figure_;.?t»,l. In the as-quenched condition, the low
T gaustenitizatton (843°C) .-h.?ls a smaller amount of retained austenite. Aftet the deep
»--fréez_e, thé low,?l-“; gu-ster_litivz‘a‘_t_ti'_tan has —avvhighe;- i\;olumeof retained austenite. After aging,
the .standard c'onditi‘otl' has the iowest amount, high T and low T have slightly more,
and the “DF skipped” has the highest volume, almost the same as in the as-quenched
“condition. |
'"l;atblé .'4.3‘.and'Figtivré':4L:2 show the effect ofpre-agmgon the Volume fraction of aus-
fenite. IUhtil the 2id déep .frﬂeéz.e, the volurtie of austemtedoesn’t seem to be affected
| by pre-aging. But after the fmalagmg conditién’,’.V};j):r.e‘::-éged’:sélnples appear to have

slightly higher volumeé of austenite than standard heat tréatment condition.
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Table 4.2 Effect of austenitizing temperature and the deep freeze

on the fractron of austemte (%)

(A)1100°C (A)885°C, Stan—; (A)843°C (A)885°C, DF
] . - dard . . skipped
- Quenched | * : "5.58 . 3.86 5.58
~ Deep Frozen | 081 093 | 134 o
Aged 1.56 1.25 171 5.66

- *:Dataisnot taken
- **: Data is not available

Table 4.3 Effect of pre agmg condrtlon on thf

frafction of austenite (%)

,,Standard » Pre Aglngf: 15" Pre Aging: 30'
Quenched 5.58 <=1 <-
Deep frozen 093 <= <-
Pre-aged B R L 1.00
‘Deep frozen oo 096! | 1.14
Aged | 125 179 1.84

*: Data isnot taken |-, | -

**. Data is not available . | ©

;-4.3.2 Tensile properties

‘ The results of the tensrle property measurements are shown in Table 4.4 and Figures

4.3 through 4. lO Table 4.4 also shows the spemfrcatron for aerospace use of AerMet

100 (AMS 6532) for companson All values satlsfy the mmrmum values of the specifi-

~cation except for the 0.2%YS of the DF sklpped samples from both heats. Also in

- general the total elongatron and RA of Heat #1 always surpasses those of Heat #2 if

same heat treatment'condrtr;on is compare_d, 'a_lthough- the- uniform elongation is not

affected (Figure 4.4). Furthermore, the worl< h-a_'rdenin?g eharacteristics of both heats up

to necldng are almost identical. These last tw'o“f-acts‘sﬁggest us that higher inclusion
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E Tablé 4.4 Effe¢t of heat treatment conditioﬁs on the mechanical properties.

LS

Heat ‘ - Ténsile Propertieé ' _ - . Fracture Toughness

Heat| - Treatment |Engineering sfress-stréin relationship ‘ .- True stress-straih relationship _

02%YS UTS Uniform Total RA. |Trucstain Swamat Trueswength | Jic K
(MPa). (MPa) Eloi_l;(%) Eion.(%) (%) |at UTS (-) Fracture at fracture (kJ/m?) (MPa\/m)
- - P 5 e vea »

#1 |High T Aust(A)| 1798 2036 278 150 646 00300 1038 - 3401 1007 145.8
Standard (C) | 1852 2024 166 135 .67.4:‘ 00252 1121~ 3399 | 1505 1782
LowTAust. (D)| 1712, 1960 185 126  59.6| 00268 . 0906. 2980 | 817  1313.
DF skipped (E) | 1583* ' 2040 309 147  665| 00396 1094 3388 | 1190 1585
Pre Age 15'(H) | 11867 1978 146 133 665 | 00227 1094, . 3257 .| 1617 1848
PreAge30'(G) | 1807 11951 168 140 683 | 06252~ 1149 3278 | 180.0 1949

#2 |High T Aust(A)| 1813, 2025 201 117 509 ] 00295  O711. . 2916 | 714 1228

© | Standard(C) | 1855.0 2036 147 127 626 00235 09831, 13243 | 972 1433
LowTAust. (D)| ‘1855 1980 133 115  57.0°| 00222 = 0844 2965 | 557  1084*
DF skipped(E) | 1615* 2039 270 141 623 | 00358 0976 3241 655  117.6
Pre Age 15' (H) | 1842 2000 . 1.60  13.1 626 | 0.0247 0983 3222 1043 1484
Pre Age30'(G) | 1826 1971 143 129  63.5| 0.0247  1.008 3085 890 1371
AMS 6532 21620 21931 >10 255 o | 2110

Marked “*” does not satisfy AMS 6532 specification.



volume fraction deteriorates the ductility of the local deformation occuring from
necking to final fracture, but it doesn’t play any role in the early stage of the tensile

properties.

- From Figure 4.11, the values.of the true strain at -f,ragture' of Heat #1 in conditions C, E,

~'H,-and G are about 10% higher than' those of Heat ,#_2,'bu{ not the high and low tem-

© . perature austenitization: conditions (A,:D). The tru€ fracture strengths of Heat#1 in

" -eachrof these conditions are also higher than the corresponding conditions of Heat #2..-

The low T austenitization (D) decreases the strain and strength of both heats at the
same time. The effect of the high T austenitization, condition (A), specimens is differ-
ent for each heat. That ‘condition for Heat #1 has high strain-and high strength close to

the standard ‘condition: On the other hand, that: condition for Heat #2 has the lowest

strain and stress combination.
The following effects are compared with the standard heat treatment condition.
1) Effect of austenitization temperature: Figures 4.3 through 4.7

| nghTaustemtlzatlon decreases the 02%YSandthey1eld ratio, but doesn’t seem to
- affect the UTS On the other hand, low T austenitization decreases the UTS, but has no _
clear effect" on the 0.2%YS. High T austenitizati‘on df)csn’f .affect on-the total elonga-
it.io_n ;am‘ii 'the.i{A» 6‘f Heat #1 \'Iery. much, butltdetenoratesthe total elongation and the
RA “of i—»Iea't #2The WHR of high T zllus"t-enitxfzatiéh ;an.lples rhas clearly higher value
ne::;r the neckihg region‘, a.lnd-higher hhifofm elohéa:tihh, but the WHR and the uniform
elén-ghtidh of lhw T auhtenitization ddesh’t vchahg;(.a“ much
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--2) Effect of skipping the “deep freeze” treatment: Figures 4.3, 4.4, 4.6,and 4.8

— ;Sklppmg the. deep freeze reduces the 0. Z%YSl and yteld ratio drastlcally, but it doesn’t
| decrease the UTS at al] It also increases the nnlform.elongatlon and the total elonga-
th]’l whlle leavmg the RA .the same. Better eloné‘etlon comes thh the unique behavior
of WHR Sk1pp1ng the deep freeze reduces the negatlve slope of WHR against true

straln and as a result it increases the umform elongatlon more than 1%. This corre-

— _sponds to about 85% increase of unifor’m elongation.

3) Effect of pre-aging: Figures 4.3,4.4, 4.6, 4.9, and 4.10

. Pre-aging appears. to decrease both the.0.2%YS, and the UTS, and the longer holding

. time decreases it more. 15 minutes of pre-aging doesn’t seem to change the elongation

~-and RA, but 30 minutes. of pre-aging-clearly increases.the RA. Pre-aging doesn’t
... appear to affect the plot of WHR against strain: We can assume from these facts (lower
tensile strengths and same WHR against strain plot) that pre-aging only shifts the

* microyielding pomt without .changing. any. WHR charactenstlcs By comparing the

~© WHR against true stress, this is confirmed (see appendix Figures A8 and A12).

" "43.3 Fracture toughness

The load-unload process of the J-integral test was manually controlled. To satisfy
'ASTM E813-89 by a single-specimen techiiique, compliances for early stage blunting

should be measured evenly with enough data points to get an accurate power law

fitting curve and.get the Jg to be a valid Jy.. If the cr_aekv.i_n .the s_peeimen propagates in a
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- slow stable manner, as in the example in Figure 4:12-a, this will lead to the J-da curve
with:eVeﬁly spaced data points. Butif the. specimen cannot-hold the high elastic energy

- ~in'the body, and releases it in a fast unstable:crack prépagaﬁo'n, a big jump will appear
~_in the load —Qe‘rt'_ica] displaceméht curve (marked by the arrow .tin Fi gufe 4.12-b). This
.. then leads to-a J-dacurve with ,~uncvenij:'s,pacéd data points:and witﬁ a gap. J-da curves
-~ can be ahalyze‘d this- way if the test-material exhibits an unstable fast fracture mode.
_-'Also,. wider spacing ‘between adjacent: points:in- the: J-da’ curve suggests that more

elastic energy is released at a time with:larger-crack extension. -

» All ‘th'é JQ Vélﬁes; 1nthlsstudy were vahd,and are exi;féS'Séai.és Jie. The measured Jj,
\.Izilﬁes ahé-c.aléﬁl.e,lféa I;IC \}aiue.s (by equatlon 1 3) are tabulatedm Table 4.4 along with
the tensile data and AMS 6532, The calculated K1valuesare gfaphed in Figure 4.13. J-
da curves are given in Figures 4.14 to 4.16. Along with the J-da curve, the blunting
—line, /0,11,5mm exclusion line, ‘0.2 mm-offset: line- (Jy. is the:junction between this line
and the J-da curvq), _and 1.SQ mm ¢x¢lg§ion .}ine are 'a__lsovdrawn. SEM fractographs at
th..e; cré;k front are shown in fiéﬁ;es 16 and 17 >"rl;hercii‘-r>e.:v(.:’tion of crack propagation is
from the bottom to'the top-of the picture; and roughly the first 0.5 to 0.6 mm of crack

extension at the center of the CT specimen- can be seen from the low magnification

- fractographs.

1) Re-evaluation of the standard heat treatment condition: Figures 4.13, 4.14, 4.17-c,
d, and 4.18-c, d

The standard heat treatment condition of Heat #1 showed very high toughness values

a
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~ again, though the standard.condition of Heat #2 showed higher values than the study in
Chapter 1. The J-da curve of Heat #1.is different from that of- Heat #2 because its crack
- propagates in-fast unstable manner-though its €lastic energy level is very high. On the

. other hand; the J-da curve of Heat #2 blunts at a:much lower energy level though it
.- shows slow stable crack propagation. From: the:fr'acitographs', Heat #1 clearly exhibits
o deeper voids than Heat #2 near the crack front with smaller primary void nucleating

_ particles. Not only thrs 1s drstmgurshable but also Heat #1 shows features such as.

'-_plateaus and cavrtres suggesting a more brittle fracture mode at the very crack front
and a relatively shallow microvoid coalescence region after the deep nuicrovoid region.
* “Even'in the flat region one could describe ths feacture suiface ds having micro tears. To
the contrary; the fracture surface of Heat #2 has aumform traeture mode, mjcrovoid

coalescence.

The following effects are always compared with the standard heat treatment condition.

2) Effect of austenitization temperature: Figures 4.13, 4.14, 4.17-a~f, and 4.18-a~f

" “Changing the austenitization temperature in either direction from the standard results
in a drop in fracture toughness Hence the optrmum austenitization temperature is
885°C. From Frgure 4. t4 the crack propagatlon of hlgh T austenrtlzatron of Heats #1
and #2 both hecornes more. unstable _and _g_r_ea_ter:crae_lg e?rtensr_on occurs during fast
fracture. .Heat #1 exhibitsa hrittle cleavage surface With large olateaus but the fracto-
graph of Heat #2 shows both Iductrle and brittle fracture modes There is also evidence

of grain boundary shdmg in Fi gure 4, 18 -a (marked by the arrow)
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The behavior of low T austenitization for ﬁ@@t #l,anci-. #2 ,als'o,- differ. Crack extension .
of Heat #1 is propagated 1n a fast unstable ‘manner, -but that Qf Heat #2 is not. By

compgring the fractographs in-Figures 4.17-¢ and 16-¢, both thé sizés of plateaus at the
- crack front-and: microvoids in th‘low T-aust: of-Heat#1 shrinks. Meanwhile, the low T
. - .austenitization specimen of -'Hcatf-#zjshoW;s_‘duct;ﬂg mode microvoid coalescence over

- the entire surface similar to the standard,;gonditj,on_qf Heat#2. -

©3) Effect of sklppmg ithe”deép 'fr'eéié.‘t-‘réé_ti:néﬁ't:”Figu;e 413, 415, ¢, d, g, and h of

417 dnd 4.18

Skipping the deep freeze decreases the toughness, and doesn’t seem to change the
tendency toward fast unstable crack propagation, in fact it makes it worse. The “DF
skipped” specimen of Heat #1 has more plateaﬁs and cavities than the specimen in the
- standard condition. The “DF skipped” condition of Heat #2 exhibits some blateaus and
cavitiesv but not too many. Both heags e>('hibit c_avidence of both brittle and ductile

* fracture modes.
.- 4) Effect of pre-aging: Figure 4.13,4.16, ¢,d, and i ~ m of 4.17 and 4.18

The fréctﬁre »béhévioﬁr‘ of pre-aged sampieé of ﬁéats #i a'na # ;hows a different trend.
In thé casé of ﬁea{t #1, the frre;cture'tc;ﬁg};n;sé ‘r.rll-oinotoln'ib.a'l.ly .inbcvreases With the pre-
- aging time,. reééhing' 200 MPa\/rn-.HIIS;ui 1ncase of Heat#2, -th.e.,;toughness only slightly

' increases fcl)r the 15‘ml:rA1uteri)‘ré—é‘ge.d specunen, Ath”f»:ﬁidr.oﬁs“if it is pre-aged for 30
;-m;nuteé. Although thé J—da cﬁrvéé charivgé httle airrir(.)nélalll ckor;ditions of Heat #2; the
'cﬁange in those of Heat #1 is (iréstiéi Pre-agmgrmses up :£f1e J—da curve in more stable
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manner for Heat #1. From the fractographs of Heat #2, all samples bave similar
' fra_cture modes, and rag'ain' th_ey a_ll _bave_‘r_ijerovoid coaleseence over most of the
“f'raetu_reisurface. waever, in thexcagl.se ef :Hea_.t #lgt.h_e number ef plateaus and cavities
ljr;creasee With pre-eging At.irne. The deep rrﬁerev.oi‘(»i;eéxbn ;vaich precedes the crack

mfr‘ont‘ pléfeaus_ m the}s>tz_1.nc‘1ard heet treelltr-l.l-enjteepditieb --l{l.:igu‘re :1.17—c) disappears, and
.V 1s replaced by e nﬁxfure of piateaﬁe andl cavmesand dee:p_“rﬂnljcrovoids threughOut_. In
both pf_e%.aigea. and.. etaﬁderdvtreatrﬁent samp]esthe plat‘eeﬁe-beve a monoclinic shape
w1th its top pibn_e p.arallel to the pre-crack plane and 1ts lon gestlength perpendicular to
‘ bhe d1rect10n of cf—eck pr.opagation‘. Alsothe31des bf tbe}plabe‘eus are inclined toward

the crack front.

4.4 Discussion

' 44 1 | Effeet of inclﬁéioh cohteht under the siahdéfd heat treatment condition

» '_ As shown in Chapter 2, basically, _lower:iir_xel_usibp ,V?l‘-m?‘? enel_ wider inclusion spacing
. can explain the difference in the tou‘ghn_es‘_s,va}qee___beﬁweeq the two heats. But further
_.._._(__iiﬂfferen_‘cesl can be seen. The fraet'ur“e_rsiurface of the high inclusion volume bar (Heat
#2) is_.vco_\»/ered by._ ductile meroypqi'djtepalescence. But, once the inclusion volume
decreases to the level of Heat #1, it not only forms deeper voids as shown in Chapter 2,

- vb.ljvt.it"’also forms a mixture of transgranular cleavage and intergranular separation at the
-initial propagation of thev crack front even in the ambient temperature J-integral test.
That means that severe constraint at tbe crack‘fropt raises tbe yield stress up to the

level of cleavage fracture strength. This is exactly the ductile-brittle transition point. So
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. the study in Chapter 3 can now he applied to this heat treatment study.

blntergranular separation 1s usually clua.ssifietl as an undesrrable brittle fracture mode,
but 1n this ‘case it might be helpful forimprovmgthe stou,.ghness. If a stable austenite
—phase-(vt/hichis: ductile an'clhas good \.Norkahilit;):/"licov"ers;the prior austenite grain
v‘houndaries in the form of a thin film, then th‘is can act to increase the toughness by
o _-‘allowing ‘:plaStic*deformation during grain.sliding. As shown in the Figure 4.17-c,
standard condition of Heat #1 has plateaus at the crack front. Since this is the grain
boundar}; shdmg, thls does not bu1ld up the stress in the éram .\‘/ery much, is helpful for
blunting, and could decrease the- stress intensrt)l. near the crack tip. However, if strain
eneréy goes up further then there: will no longer be.gram boundary slidlng at the crack
front and the' subsequent deep nncrouoids region cannot hold such a large strain energy,
so fast unstahle fracture occurs. To the contrary, standard Heat‘#2 doesn’t have clear
.plateaus at theicraclc front, indicatiné that thereishttle or no sliding along the grain
“boundaries. Assuming all other microstructural parameters -are the same except for the
inclusion volume fraction; this higher inclision volume fraction causes shear localiza-
" tion and subsequent microvoid nucleation-and growth at'a lower strain energy level.

“This is the teason why plateaus cannot be seen clearly-in Heat #2.

4.4.2 Effect of _austenitization temperature

- 1) Effect of high temperature austenitization:

The effect of high temperature austeniti_zation on the .toughnes_s—strength relationship is
shown in Figure 4.19. High austenitization temperature slightly decreases the 0.2%YS
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 but doesn’t change the UTS very much. Ho_w.evcr, it decreases the toughness Signifi-
- cantly, especially for low inclusion fraetion and subsequent high toughness bar (Heat

#1). As shown in the'Figures 4.17-a and 4.18-a, high T austenitized Heat #1 shows
trén-sgtenular cleatvage more than that ofHeat #2 Hence tohéhn_es's drop for Heat #1 is
| lar;get_thén th.at”for Heat_#i. U R

2) Effect of low temperature austenitizatien: .. - -~

.l',ow..’f'eusten‘iti-zation dééreé"séé theUTSfor both heats (Flgure 4.20). Low >T austeni-
tizeo ﬁéat #1 appe"ars'to :ha-ite f‘eiativeli}l":flizit‘nn:steble fast f'raet‘u're surface, and doesn’t
hzive oeepef voios norlarger ;Ihtean‘sjétt: thecrackfront unhke those in the standard
Heat #1. Since the fracture pattern still hasthefeature of microvoids, this is classified
as mj:or‘.ovoid:eo'éles_eence though the mlcrovmds }'te'nd': t"o': be 'shh.l-low. On the other hand,

low T atustenitiZed Heat #2 shows a similar fractograph to the standard Heat #2.

From these restﬂtsx, | lowl temperatureaustemtlzatlon may vtiln'crease the number of
nnd‘tssol\}ed‘. catbitlés, v(.iecvre;’se:the' inhef:eht- strength, and héttze more void nucleation
' sites. Thelow strein a‘n'dfloin stréngth atthe tensﬂefracturemFlgure 4.11 also support
' [h]S 1idé’a; since intc'reased.‘vvol'ume of undlssolvedcarbldes not"ohly creates void nuclea-

tion sites but also reduces the amount of age-hardenable precipitation phases.

4.4.3 Effect of skipping the deep_’freeze_ o

‘The effect of skipp:ing'the deep freeze on the toughness-strength relationship is ‘shown

in Figure 4.21. Even though they have lower yield strength, higher work hardening
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. _rate, and higher ultimate strength, their fracture toughness values are much lower than

- the standard condition.

' ‘.If WHR is plotted not against strain but égainét stress; the early stage of work harden-
" ing ‘behavior is understood more éas'ilyi ‘As shown in 'Figuré ‘422, the standard heat
- treétment condition shows linear elastic behavior until about 1 100MPa for both Heats
#1 and #2. Then both heats yield and the elastic-plastic transition occurs rapidly. On

- the othier hand, if the d¢ep freeze skipped, both heats yield on a micro-scale around 300
__MPa,ﬂ __the;n é rglativgly mild negatiy__e ‘sl_(_)_pg goes up to about _»11'OOMPa, which is the

» ‘s;rir;cv;i‘e_:f].éction point in stfcss as m the §£andard cc.)n__dithion.. After this second deflection

_ pomt, “éli(ipp}_ing»DF _c_gndition .ma.kes,\it_s ncga}ivc sl_(ip¢ :slightly steeper, but still mild in
companson to that o_f standard Qqqditién, then finally they cross over above ZOOOMPQ.

This early yielding should be caused by the retained austenite.

* Considering the result that the DF-skipped -treatment has a high volume of retained
* -.austenite, ‘these phenomena could -be: éxpfained as follows. ‘Retained austenite sits
- v-i-maifnlvy at the fprio'r' éhsténite grain boundary, and i at least stable during the early stage
I of deformation in the tensile test. But-a high Hydrostatic tensile stress state triggers the
stress induced marténsitic transformation. Since fresh rartensite is very brittle, it
-shows “poor fracture behavior in fractutéitOﬁghnéss test although plateaus and cavities
are seen on their fracture surfaces. The stability and locatioﬁ of the retained austenite

must be examined carefully to support this hypothesis.
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4.4.4 Effect of pre-aging .

.The effect of pre aging condltrons on the toughness strength relat1onsh1p is shown in
| Flgure 4.23. The behavror of the two. heats 1s comuietel-)l' drfferent Pre-aging increases
the toughness of hlgh toughness bar (Heat #1) though there is a slight decrease in
| tensrle strength On the contrary, the toughness of Heat #2 shghtly increases for the 15-
rmnute holdrng time, then toughness decreases for 30 minute holding time, while

h strength srmply decreases Wrth holdmg tlme o

N The tendency. of toughness to increase in Heat #1 could be explained by the relative
ease of grain boundary sliding. As intended in this experiment, the austenite volume
fraction appears to be increased by pre-aged condition (Figure 4.2). If this excess

“‘austenite is. stable, forms:on the prior austenite grain-boundary and thickens the aus-

-~ tenite film, this-makes.the grain boundary sliding easier. The effect of pre-aging on

- bulk strength is not clear at this moment, but this grain boundary austenite will blunt

.crack_s with less (.i_amalgeto the insideofl vgrain‘s. _Hence-a nsmg J-da curve with stable
slo-w'.crack extension“is obtained with both olate’aus/caui_tieﬂs: .and ductile microvoids.
“ On the other hano, HIaat #2 cannot use thlsbluntlng tech:n:ique:.:lf the body has a large
amount of -‘inclusi_ons,- shear localization and-earl'y Vrrn":cro..\/oi.—c'iﬁnucleation and growth

always comes first, and never reach the stress level to'create plateaus/cavities, i.e.

transgranular cleavage and prior austenite grain boundary sliding.

4.4.5 Shape of plateaus in compact tension specimen fracture surfaces

As seen in low magnification image in-Figure 4.17, most of the time plateaus have a
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- - 4.4.6 Fracture-patterns - - °

K _I_non,oclinic. shape with its top. plane parallel to the _pfe‘-;c;rack plane and its longest
~length perpendicular to ‘the direction ,oftc,raf:k, propagation. Also the sides of the pla-
‘teaus are inclih_ed toward the:crack front. Since the maximum- plastic strain occurs at
-45° from the’crack plane at the-blunted crack tip in mode-I l,oadingsg, once cleavage

" occurs ahead of the cr{a_ck_‘;tip on the ;Qrder_-; of pﬁgr;austcn:ite grain size, grain boundary

. austenite-at far side -and_;neag;-_s_i_rde“frqlr;r_lj the crack:tip-will-be sheared along maximum
-plastic strain direptjon--fSi,ﬁc.g there is no-strain acting on the plane perpendicular to the

- crack-front, if: adjacent grains along crack front-have -‘simil_aq;gggin orientation, they can

- all cleave at one time, and be pulled.together.= - -

Assuiming the existence of ‘grain boundary austenité, all fracture patterns are summa-

: ‘.ﬁze"d below and a ca}idbﬂdepiction of each is given in Figure 4.24.

" Casé 1: The fracture mechanism of Heat #2 is baswally _)USt ‘microvoid coalescence. If

a'body has high volume and narrowly spaced inclusion in it, relatively low hydrostatic

‘tensile stress nucleates voids frOrij large inclusions (ESV';,,-a)"", the éubsequent void growth

" causes the shear localization, and microvoid coalescence occurs in a stable manner (all

conditions éx_cept skipping DF and high T aust. in Heat #2, but only for low T aust. in |

Heat #1).

Case 2: If a body containing a sharp crack contains a significantly lower inclusion

count than the above case, the critical hydrostatic tensile stress to nucleate a void from

“the paﬁiclé w‘illu go ub. I%ﬁfhe -bod“y wwa-s képt stféinéa b}; féﬁﬁ(;fe stress, it will nucleate
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the void with a higher hydrostatic tensile stress ahead of the crack tip, and work harden
the bulk material (the tensile stress will be highest at a distance from the crack tip
eiboﬁt twice as-llarge as- crack ﬁp openmg dlsplacementsg) vE.\vrientually it will attain the
>cn"t.i¢ai stress whiéh 1n1t1atesthecleavagefracture(ccleavage) Howevér, if there is
énoﬁgh wcv)rk—hq,rdeﬁablg, stablér ﬁausiénit; w1th lowyleld éﬁeﬁgth (ocB) /at the prior
éﬁstenite.grajﬁ boﬁhdaries, and if geometry allows thi.s austenite to be sheared, cleav-
- ’age fracture cannot penetiate to the next grain, and the shear stress pull the grain out.
Then prlateaur'and corrésponding cavity is formed with -microvoids ahead of this grain

“boundary sliding area (standard, and prezaged 15mirn. and 30min. in Heat #1).

Case 3: If the effective prior austenite grain size becomes larger, and Gieavage becomes
smaller than G4, then only a mixture of transgranular cleavage and intergranular

* separation is seen (high T aust. in Heats #1 and #2)

- Case 4: If the grain -boundary austenite is unstable, the crack propagation will form a
plateau and cavity combination, but at the same time it créates brittle fresh martensite.
- This fresh martensite does not blunt the sharp: crack, but instead initiates brittle frac-

. ture, hence the toughness will not be high-(skipping DF in"Heats #1 and #2)

© 4.4.7 Validity of the ductile fracture model ~

As discussed in section 1.4.2, ductile fracture model§ generally have the form of

equation 1.4. Hence all experimental data obtained in this chapter were examined by
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Jic vs. & op plot.

First-, the'val.ues of the s’traih at UTS and thve 0.5‘.‘70}8vnvr.ere?stlhstituted‘for & and oo,
respectively in equation 14 lFig;tlre 425 shows that .usin'gv.thes’e values does not .result
tn 5 single preport‘ienaliti ccnstant apphcable te.. allsamples m all of the above cases.
Eachgcase needs tc be. corrsidered separately -: o .' |

~ As categorized in the above section, the pure ductile -fracture condition (case 1) forms a

group. If it is taken as nominally following equatioh 1.4 us_ing) the values of the strain
| at U:IS and the O‘.Z‘%YS vfo'r .t‘? andvob-, then one cancompare the other cases to see how
the dlfferent fracture rr_rcdes affect the model In case 2, s.vince they involve'bluntihg by

.‘éraihhoun(‘iar_y“s—.l.id.ihg, the sarrlple's rea'_ch“hr.gher?frac_ture toaéhhess Vallres than would
he predictecl by equatron 14 Ih case .3., theydev1ateto thejr‘iéht of case 1. Since the
_}’;fracture- .surface‘s m case 3 _contarh more areas ofbnttle fracture, the high elongation
»a-rrd-high strerrgth _'tmtil nechngcannotcontnbutetothe JIC In the case. 4 conditions,
the yreld'stren_gth_ of the retarhed austemte rmght be -olj\;ere‘stirhated as shown in Figure
”;1.24. .The straln :at UTS allsc‘ otlerest‘irhates the .'-criticalt stram at Tthe crack tip due to the
high:hyc‘lrostaticu tensﬂe stress state ﬁehce _t_hesemvalue's.a]_sc‘ "d'eviate to the right from
case’ 1.
-I .Srince there is a"highly triaxial stress. stateat }racture, a more appropn'ate choice for the
-'_'f]ew'stress and failure strain would be the strain and stress at fracture in the tensile test.
To test this‘idea, Jic V8. &Op was re—plotted by using strain and strength at-the tensile

fracture for & and oy, respectively (Figure 4.26). In this plot, all categories except for
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those samples in case 2 show rough propertionality. However, case 2 obviously has
higher Jj. values. from other three categories. As discussed in éections.4.4~.5 and 4.4.7,
the. hltgher Ji¢ values are attributed to. the blunting mechanism by grain boundary
s‘lidin'g: Deviation frorﬁ th.e other three eategories becomes larger when more plateaus
" and cavities are formed ‘on surface at the crack front by grain boundary sliding (Figure
4_.:1’8_-c, 1, k). Thi_s‘ gram _bqundm SIid_i:r.;gis infy- gygilab_le at the highest combination of

& and gy so that the Gypig. surpasses the Octeavage:

- "Byré(.)mrpa:ririg Fi'ghreslﬂ'4f2'5f' and 4:26, b-it» is evident that-the fracture toughness Jj is
' ééfifﬁaféd more accurately from the tensile fracture condition- than the necking condi-
tion. -That r‘né.’an's:t}ile. final fra:ic'ture:ip'rdéés'-s in ‘the’ neck: in"tensile test simulates the
pl'é'svtvi‘c deformation behavior near the-crack frontiin CT specimen to certain degree. But
‘the tensile fracture "c’an-ﬁot. predict the blunting by pﬁor austenite grain boundary
sliding, which is what increases the Jj, values significantly for the samples in case 2. In
the case of the CT specimen geometry, blunting by grain boundary sliding reduceé the
;s"t'mré_s's' ihtéﬁsity' a; the crack front and allowssamphng of a l‘a':réer volume of material,
A: Whééés in the téhéiié téSf "'g:’f:oi"netAr'j;;'E gram boundary élfding ‘will not have that effect.

‘Rather it decreases the fracture strength.

“Here I propose the direction of impr‘évieng.iﬁé tbﬁg:}-in(é's'é of AefMet 100.
1) reduction of non-metallic inclusion volume

_ii) . reduction of prior austenite grain size
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- iii). - -inclusion of adequate amount of stable austenite at the prior austenite grain

~ boundary .
- -1v): .- control the amount of undissolved carbide: -
'v)  further addition of-pre:cipitat"i'oh hardening elements

All_ of those are th‘o” rraditiorlal ways of:,obrairl_ihg opti‘rhqrp_ topghness/strength relation-
, , 5 : _

_shipf_.B_lrt,v_,thii.s is the. way this ult_rahi;gh_z.ps___t_‘rlong_th steel can be improved. A"pproach i)
needs state of the art level meltlng skills and equlpment but approach ii) is' very
popu_lvarwm Korea .and Japan these. days At loaat if approach n) is achieved to some
deéreo optrmrzahon of approach rn)‘. and‘ 1v) may .help‘ the-.further improvement of |
toughness- If there is st111 a room for the increase of strength approach v) should be
oxploréd t‘orinvon'vt a n.é.w ﬁlira‘hi'gh strér.lg{h"é:toell. R

4.5 Summary

The _effects of austenitization temperature, skipping the deep freeze, and pre-aging
were examined by using high toughness bar (Heat #1) and low toughness bar (Heat

#2). The results are summarized as follows: ~

1) Inclusion volume doesn’t affect the early stage of tensile properties in the level of

' this'stud');/."

~ 2) "Any heat treatment conditions tested in this study could not improve the toughness

of the low toughness bar (Heat #2). The critical void nucleating stress with high
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3)

4)

5)

6)

7

inclusion volume under high hydrostatic tensile stress state in CT specimen was

always lower or equal to the other brittle fracture modes.

Once the inclusion volume decreases to the level of Heat #land the elastic energy
near the crack front goes up further, it not only forms dee_per voids, as shown in
Chapter 2, but also forms mixture of transgranﬁlar cleavage and intergranular sepa-
ration in the ambient temperature J-integral test. Thus the mixture of ductile and

brittle fracture modes comes up at the same time by the geometrical constraint.

Grain boundary sliding is associated with stable austenite along the grain bounda-
ries. This is helpful for blunting at the grack tip and increases the Ji. value, though
this may reduce the tensile strength. Holding at slightly higher temperature (SIQ°C)
than standard aging temperéture (482°C) in a short time is useful for improving this

blunting mechanism.

Retained austenite obtained by skipping the deep freeze not only decreases the

yield strength, but also decreases the toughness.

The optimum austenitization temperature appears to be near the standard austeniti-

zation temperature (885°C).

Further improving the toughness requires the combination of: i) reduction of
inclusion volume fraction, ii) reduction of prior austenite grain size, iii) inclusion
of adequate amount of stable austenite at prior austenite grain boundary, iv) control

of the amount of undissolved carbides, and v) further addition of precipitation
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- hardening elements.
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S.

CONCLUSIONS

This dissertation presented an examination of a Fe/Co/Ni/Cxt/Mo/C alloy steel, AerMét

100, focusing on its toughening mechanisms. The possibility of further improving the

strength/toughness combination of this already remarkable steel was explored. The

results enumerated in the previous chapters lead to the following conclusions:

1)

The fracture toughness at ambient temperature of AerMet 100 is very sensitive to

- the inclusion volume fraction and the subsequent inclusion spacing. Smaller inclu-

2)

3)

4)

5)

sion volume fraction and wider inclusion spacing create deeper voids, hold higher

elastic energy, and improve the toughness.

Fracture toughness, Jy, is Hnearly related to the inclusion spacing. Further im-

provement of toughness in K. only by the increase of the inclusion spacing is. diffi-

_ cult since K}, is proportional to square root of Ji.

The particles nucleating the primary voids are mainly oxysulfides or oxyphosphates.

of rare earth metals. Undissolved carbides might also nucleate primary voids.

The high fracture toughness' is based on not ohly low inclusion content but also on
fine prior austenite gfain size. The fine prior austenite grain size decreases the duc-
tile-brittle transition temperature in the Charpy V-notch test, and suppresses the fast

unstable crack propagation by cleavage in the J-integral test.

When inclusion volume decreases to a very low level, all three fracture modes

(ductile microvoid coalescence, brittle transgranular cleavage, and intergranular
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~_ separation) can be seen at the crack front of a compact tension specimen in an am-
“bient temperature J-integral test due to the high- triaxial tensile stress state at the

..crack_ front. -
6) Grain bdundary 'sii"ding-is" hélpﬁil forrmirhpr'ov'i'ng toughness by its ‘contribution to
crack tip blunting. This is associated with the stable austenite forming at the pri-
o mary austenite :‘grai.‘n boﬁndéfy. Intercntlcaltemper pnor t.'o.the final aging treatment

increases the amount of stable austenite.

~-.:7) The standard model relating J;. and tensile test results is significantly improved by

using the strain and strength at tensile fracture for failure strain and flow stress re-

spectively instead of the strain at UTS and the 0.2%YS.

Finally, this dissertation proposes the following directions to be used in combination

towards improving the toughness of AerMet 100:
i) . reduction of non-metallic inclusion volume
i) reduction of prior austenite grain size

1i1) inclusion of an adequate amount of stable austenite at the prior austenite

- grain boundaries
iv) control of the amount of undissolved carbide
V) further addition of precipitation hardening elements

All of these are traditional ways of improving the toughness/strength relationship. This
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dissertation has shown the fundamental underlying mechanisms by which this combi-
nation of methods will sucéeed. Each of these objectives is achievable. Approach i)
.' needs : Sté‘ife'. of the art level melting ski.lls and equipment, but approach ii) is already

* verypopular in Korea and Japan these days. At least if approach ii) is achieved to some
- 'degreé;‘pptinniaﬁon of approach iii):f.éin_d.f iv) “may h‘é‘lp_’:'t’hé further improvement of
- Vtoxjxjghne“sré. -If:thére 18 stiil' a ‘fbom.. fbr the ';inéréai'-ée of ‘s:tr.f»:'n‘gth, approach v) should be
. ¢XPIQIC‘i to invent a néw_ﬂ ultrahigh strength steel. Hopefully this fundamental under-
standmg ofthe _sfrengthéﬁi_rié ar-lc'l.v toughenmg rnechamsms will be applied to make the

next generation ultrahigh strcngth. steels..
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Figure 2.1

Optical micrographs of three heats of AerMet 100 after the standard heat treatment.
a) Heat #1 (High Kic), b) Heat #3 (Medium Kjc), and c¢) Heat #2 (Low Kjc).



Figure 2.2 TEM bright field image of AerMet 100.
Heat #1, standard heat treatmerit condition.
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Figure 2.3 TEM bright field image and the SAD pattern of AerMet 100.
Region marked “O” in the selected area in the TEM image has zone parallel to [311], and “X” has [011]



400 6.00
Energy {keV)

Figure 2.4 TEM micrographs of extraction replica and the EDS analysis of the
precipitate. _
Sample: Heat #1. Standard heat treatment condition.

- Lower magnification shows the prior austenite grain boundaries.

- Higher magnification shows the spherical precipitates.

- EDS analysis of the precipitate marked by the arrow in b).
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Figure 2.7 Relationship between fracture toughneés and tensile strengths among

three heats
- All three heats of this study are treated in the standard heat treatment condition.

- Novotny’s data is obtained from a series of heat treatments of one heat.

89



06

....LLI-.«J“ v
1.00 2.00 3.00 4.00 5.00 6.00 7.00 0.80 1.80 2.70 3.60 450 540 6.30 7.20
FS : 264 CPS : 180 Cnts : 10 KaV FS:628 CP§ : 350 Cnts : 80 Ko\

Figure 2.8 SEM fractographs and the EDS analyses of the inclusions of the compact tension specimens
a) Heat 1 (High Kic), b) Heat "2 (Low Kic)
The EDS analyses are conducted on the marked precipitates by the arrows.
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Figure 2.9

Optical micrographs of three heats of AerMet 100 as polished condition.
a) Heat #1 (High Kic), b) Heat #3 (Medium Kjc), and c) Heat #2 (Low Kjc).
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Figure 2.10 Effect of areal inclusion sp'abing on the fracture toughness.
Minimum resolvable particle diameter = 2pm.
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surfaces of the compact tension specimens.

93



Void radius, Rv (um) Void radius, Rv (um)

Void radius, Rv (um)

Figure 2.12

12'1||n'x1|1]1111

Inclusion radius, Ri (um)

Relationship between the void radius and the inclusion radius sitting

1n the void

94

T R S N

I Heat #1 ]

Lo (HighK )

8 ]

g © o ]

6 _,,O o

[ R 0 ]

4 - =ALN 5

2 [ &F _'

i R o s S a2

10 [ ]

8 L ]

i 2 ~ i

b ™y ey O\" :

S 82 %o .

e G s ]

! s, 54 ]

o |33 Heat #3 1

—_N - —

- O (Medium Kc) -

0 bttt ] et

10 " S

: o ]

8 [ ]

°r © ’

: 1

< nC ]

= N ~ 4

o [ Heat #2

& (Low K ) 1

Obiici® e Hosp v Bt i it b v s o 14 3w 5 ]
0 1 2 3 4 5



12 4y v v [ % & & on ] & & &3 L = % ¢ 0 & & L 0

e ]
a5 & Heat #1 ]
L (High K ) ]
L IC i
8 ]
@ ! - ]
= 6 [ ]
o L i
4 i
2L ’ ]
0_:;:4}:}:1{:;;:{.::4}:{::{}.L:+_
i Heat #3 ]
10 - (Medium Kic) ]
8 ;OQ O»\_ i
F Q0 ]
14 Healolers: 1
2 Crexde :
r J}’\é,(@é}_ i
s L o PO ]
C @ B0 g ]
2 [ : O ]
0 ettt ]
i Heat #2 |
40- b SRS E__——— (LowK )
Lo ct
8 .
fi RN ;\ —
Y L3 O i
B 6 - O~ 7]
x s 0 ]
:“(”_\m O ]
4 "Q—lﬂ 4 —
FOOY O - .
- Dgo0” : o ]
2+ ey, '®) —
g Lo oo b o v o vV agop e bpasp basaada -

0 1 2 3 4 5

Inclusion radius (um)

Figure2.13 Plots of the void growth factor (Rv/Ri) as a function of inclusion
radius (Ri)

95

(0]



100 T L ; I 4 : N T ! ' I T f I T v ! 4
I /7

® AerMet 100 o]
/A AF1410 Ag: 425°C A1 ]
80 | [0 AF1410Ag:510°C } Garrison et al”. .
| < 0.4%C based steel . 4 .
P ]
i L]
50 High K, 7/ B
I (Heat #1) 4 |
€ ) ° 7
=+ Med. K. 7
Nt L s © i 1
2 40 L Low K (Heat #3) -
2 | (Heat #2) /
(0 i
_ \S / 5 IA“ «
20 ;) ® > SIC %) ,
L /A O <> J
/ I /
4 <><> _
0 RTINS S G ST SR T 3
0 20 40 60 80 100

X0 (R/R) (um)

Figure 2.14 Calculated values of ;¢ plotted as a function of Xo(Rv/Ri) for AerMet 100.
The results of AF1410 and 0.4%C based steel obtained by Garrison ef al. are also
plotted in comparison.

96



’*’j‘
aly
)]

Y

Figure 2.15 An example of secondary voids anal&sis.
Secondary void spacings are calculated from the black and white images of

the secondary void sheet coalescence area (Sample: Heat #1).
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Figure 3.1 Effect of austenitizing temperature on the optical microstructure of AerMet 100.
Sample: Heat #1, heat treatment condition: austenitization + the deep freeze + aging.
Austenitizing temperatures: a) 1100°C, b) 1000°C, and c) 885°C(standard).
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Figure 3.2  Effect of austenitization temperature on the fraction of austenite.
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(A) 885°C

(A) 1000°C

(A) 1100°C

Figure 3.4 SEM fractographs of the CVN specimens of Heat #1
Test temperature: RT. Cracks propagate from the bottom to the top of the images.
a),b) (A)885°C/77.51], c),d)(A)1000°C/71.7], and e), f) (A) 1100°C /38.6J.
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(A) 885°C

(A) 1000°C

(A) 1100°C

Figure 3.5  SEM fractographs of the CVN specimens of Heat #1
Test temperature: -197°C. Cracks propagate from the bottom to the top of the images.

2), b) (A) 885°C/41.0J, c),d) (A) 1000°C /16.1J, and e), £) (A) 1100°C / 11.91.
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(A) 885°C

(A) 1000°C

(A) 1100°C

Figure 3.6  SEM fractographs of the CVN specimens of Heat #2

Test temperature: RT. Cracks propagate from the bottom to the top of the images.
a), b) (A)885°C/54.27], c),d) (A)1000°C/54.4], ande), ) (A) 1100°C/31.3 .
* An example of the plateau is marked by the arrow in c).
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(A) 885°C

(A) 1000°C

(A) 1100°C

Figure 3.7 SEM fractographs of the CVN specimens of Heat #2
Test temperature: -197°C. Cracks propagate from the bottom to the top of the images.

a),b) (A) 885°C /26.8 I, c), d) (A) 1000°C /12.9J, and e), f) (A) 1100°C / 9.9J.
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Figure 3.8 A stereo pair of SEM fractographs.
Sample: Heat #2, (A) 1100°C, Test temperature: 25°C,

CVN impact energy: 9.9J.
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Figure 4.5 Effect of high temperature austenitization on the work hardening rate

, — true strain curve.
Heat treatment: (A) 1100°C x 1hr, OQ +(DF)-197°C x Th + (Ag) 482°C x 5h, 0Q

109



10°

©
=
=a W
oo
T =
i
(@)
3
85 10
S o
© S
=
=
S 1000
=

108
?é
D-/'\
éé_“ 10°
L=
T ~—
x e
26
‘o 10*
O
52
T
-~
S 1000
=

100

Figure 4.6

—l T T T | L ] T T T ¥ ! T I T T ! T T T T T T T T I7 | i R ] T T T TE
: Heat #1 ]
- \ Standard .
E - N\ W :H R E
E % é’/ . . . E
S SanEENER—. _
True Stress
_’E{i{ ——— 1 1t t +—
Heat #2
- Standard 1
2 N\ E
E \\,\. "/—/ WH R 5
P | % :
True Stress .
;I‘V!A| Jr_];L 7I -lilj_l‘ I”I_Vil—_i I‘-—I "l-_li>|>ln‘7lii>~;7 “I !»'l 1 V- J_LLJ 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

True Strain (-)

Work haidening rate — true strain curve.
Standard heat treatment:

(A) 885°C x 1hr, 0Q +(DF)-197°C x 1h + (Ag) 482°C x 5h, OQ

110



1065' T 3 T T T T T ’ T T T T [ ¥ T I T T T T T T T T T l T T T T I T T T IE
_ - ' Heat #1 I
£ : ¥ R A) 843 —
Q i : )5 C I
\E./’m\ 3P [t \ L . 3
S~ .F N <«—— WHR ]
&U \2/ N (/ ]
o9 - " 1
E 0 4
el R L e e Gt S et 2 =
oW F ]
2o C :
© E B i
i o i /,____.._ .....................
S 1000 Lo N - '
= ~ True Stress
108 S
‘ g Heat #2 ]
= i | (A) 843°C :
o - o ~ 7
\E"DC_U 10° E N\ E
2 Fo- . W.H.R 3
tcﬁu é C “z/ ]
ra | A :
=g -
g 10 :
O E ]
E S - ]
TF - '
o 1000 ¢ < s =
; - i o 3
- True Stress | .
L A 100 1R L 1 I | I [0 Y VAR TR (O 1O l o 1 l. L T o (M L | g o f

0 0.005 0.01 0.015 0.02  0.025 0.03 0.035 0.04
True Strain (-)

Figure 4.7 Effect of low temperature austenitization on the work hardening rate -

true strain curve. o
Heat treatment: (A) 843°C x 1hr, OQ +(DF)-197°C x 1h + (Ag) 482°C x 5h, OQ

111



’106 R R LR R

Heat #1
No Deep Freezing

T T T 101717
1 e S R

Y

—
S
W

T T T T T T T T T /

|
B
; T

Py

ey
S
>

N N

1000

Work Hardening Rate (MPa),
True Stress (MPa)

True Stress

T T

105 H—A——
Heat #2
No Deep Freezing

N whR

T T T ToIrT
/] L L Ll

[um—
w
T | [ N I T T T T TTTT T | F) A VB I 1/
\

1 O

True Stress (MPa)
=

I} | O B

True Sftress

1000

Work Hardening Rate (MPa),

1 L L LlL}

,,100>1141I1|i,llllill,lfl, b l,x,,i O P WOR L) Y S N, S T | AJIII
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

True Strain (-)
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Standard (C) High T Aust. (A)

Low T Aust. (D)

Figure 4.17 SEM fractographs of the J-integral specimens of Heat #1.

Cracks propagate from the bottom to the top of the images.
a), b) High T Aust. (A) /145.8MPaVm, ¢), d), Standard (C) /178.2MPaVm,
e), f) Low T Aust. (D) /131.3MPaVm, ~ continued to the next page —
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DF skipped (E)

Pre Age 15’ (H)

Pre Age 30’ (G)

Figure 4.17 SEM fractographs of the J-integral specimens of Heat #1.

Cracks propagate from the bottom to the top of the images.
g), h) DF skipped (E) /158.5MPaVm, ), ), Pre Age 15° (H) /184.8MPavVm, and
k), m) Pre Age 30° (G)/ 194.9MPaVm. «—continued from the previous page
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Standard (C) High T Aust. (A)

Low T Aust. (D)

Figure 4.18 SEM fractographs of the J-integral specimens of Heat #2.

Cracks propagate from the bottom to the top of the images.
a), b) High T Aust. (A) /122.8MPaVm,  c), d), Standard (C) / 143.3MPa\m,
e), ) Low T Aust. (D) / 108.4MPaVm, continued to the next page —

123



DF skipped (E)

Pre Age 15’ (H)

Pre Age 30’ (G)

Figure 4.18 SEM fractographs of the J-integral specimens of Heat #2
Cracks propagate from the bottom to the top of the images.
g), h) DF skipped (E) /117.6MPa\m, i), ), Pre Age 15° (H) /148.4MPaVm, and
k), m) Pre Age 30’ (G)/ 137.1MPaVm. «—continued from the previous page
* Unfortunately, low mag. picture of sample (H) was not taken, but part of the low
mag. picture is substituted by shrinking the size of medium mag. picture.
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Figure 4.20 Effect of low temperature austenitization on the toughness-strength
relationship.
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Figure 424  Schematic imafgevs of the fracture patterns.

129



0¢l

o s L — |
| | ¥ H#1'High T Aust (A)
Case2 7O\ O H#1:Standard (C)
{A “; []  H#1iLow T Aust. (D)
150 e X H#1:DF skipped (E)
A H#1Pre Age 15' (H)
& H#1:Pre Age 30' (G)
—  Case3 ’>< Y H#2High T Aust (A)
% 100 Case 1 ~ \‘. l"\‘l // I o H#2':Stanq_ard (C)
-350 e ,;’ B H#2:Low T Aust. (D)
=3 T +  H#2:DF skipped (E)
A/ A H#2:Pre Age 15' (H)
o - & & H#2:Pre A'_ge 30' (G)
Olew e v bv v v vy v e
0 10 20 30 40 50 60 70
€ursOys
Figure 4.25 Relationship between J;. and Eyrs Oys : strain at UTS and 0.2%YS are substituted for Erand Oy, respectively.
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APPENDIX

" The engineering stress-engineering strain curves and the true stress — work hardening
rate curves of chapter 4 are shown in Figures Al to A12.

i
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-Figure A1 Effect of high temperature austenitization on the engineering stress —
"~ engineering strain curve
- Heat treatment: (A) 1100°C x 1hr, 0Q +(DF)-197°C x 1h + (Ag) 482°C x 5h, OQ
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Standard heat treatment:
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Heat treatment: (A) 843°C x 1hr, OQ +(DF) 197°C x 1h + (Ag) 482°C x 5h, OQ

135



T T T r I'I T I T T T ‘ T T T
2000 : Heat #1 _-
No Deep Freezing
= ]
X _ f
< 1500 N
N o \ q
[72]
@ \ ]
= L _
@ i 1
g’ 1000 I ‘_ ]
I W . : . I
3 - 0.2%YS | 1583 MPa | 1
F= - UTS 2040 MPa |’ ]
______ 2 500 | OniiBlon. | 3.00%]
UJ . 5
Total Elon. 14.7 % .
L Red. of Area 66.5% | i
0 e e e
2000 |- e . Heat #2 .
- e \ No Deep Freezing
o L \ -
= 1500 , AP ~
) L : \ i
0] i 4
2 I . ~N ]
» | ]
- g. 1000 - _: ,
fum ! - - : 7
o i 0.2%YS | 1615MPa :
c T .. UTS - | 2039 MPa 1
2. 500l Uni.Elon | 2.70% .
- ; Total Elon. 14.1% :
.Red. of Area | 62.3% 7
0 | I 4L : ! [ l {ISUNG ISR N SN S DU N NS N S | R S | |

0 002 004 006 008 01 012 0.14 0.16
Engineering Strain (-)

Flgure A4 Effect of deep freezing on the engineering stress — engineering strain curve.
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Figure A6 -Effect of pre-aging on the engineering ‘stress — engineering strain curve.
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138



" 2.510°

T T T T | T T _”1’ T T T T T T T ] T T
o S SN S i Heat#1 1
T o Tl L (Ay1100°C ]

S 9305 , T SR
s 27 N ﬁ
© - \, 4
I [ N :

. o 1 5.105 o -

e L -
£ a _
C L |
S el | -

: C'B ‘1 10° N :
I i Y j
<= I ]
o I \ ]
e 25005 et PRI SOEPU IS H S EA T \ —

- : © Heat#2 ]
= i L H(Ay1100C ]
s 210 e ~ :
5 | N\ ]
® i ]

o507

) L % J
e N Y _

. 5 : | % _
-U I Do N - -

L I : . y ]
x i B : % _
o L L 3\ N

. ; 5 104 SRSt i b it e \\

- .O i A L } 1 Lo dom b cadi b ol 1 e do 1 L1 i \4 1 i

0 500 - 1000 . 1500 2000
| ~ True Stress (MPa)

Flgure A7 Effect of high temperature austenitization on the Work hardening rate

: —true stress curve.
' Heat treatment: (A) 1100°C x-1hr, 0Q +(DF)-197°C x 1h + (Ag) 482°C x 5h, 0Q

139




2510° -

T T [ T 1 T 7 L e S e R Y L

[ N T

210°

1. 1 1 —

raed
u‘ .
Pt
]
[5,)

T~ Heat #1
110° |

Work Hardening Rate (MPa)

:‘. -
".. )
.\. -
kY

.:" ]
Y ]

LY

510 » , | \

; TR R 1_‘\1 L

2.5 10° ———+———+—+—+—+———F—+— N

I n »\ ; Standard

T T
"

L i) L L

Work Hardening Rate (MPa)

1 il 1 i

3\

I TR T T N T S i L { I \r I

W
p—
Q
O
1||n||‘|

[ W S

0 500 - . 1000 1500 2000
True Stress (MPa)

Fighré A8 Work hardemng rate true stress curve
L Standard heat treatment:.
(A) 885°C x 1hr, OQ +(DF)-197°C x lh + (Ag) 482°C x 5h, OQ

140



2.5 105 B L B B T T T
T T """ Heat#

_ S~ e

5 N
210 _ G

1 1 ! 1

©
% . :
o - g
5 ] ~o -
4 5| \\: . T
1.510° TN
(@)] | b N 4
e L TN, -
c
g E :
5110 +
T - \ |
X I kX
:_ r % 1
) A ; i
< 510t
. kY

T T T T
1 1
I 1 1 1

2.510° ——+———tp—t—t—b——ft—t———t—— D

|
L
®
‘0
r—
H
N

\

£
(00}
N
«
O

210 AR SRR > N
%- r ,\.‘."' i
X 15105
o 0] {
£ : |
-8 i —
5110
T g _
X i | 1
[ - ] ]
> I i
= 510 __.'

0 T N NP TS NS SN VRO NN JOU S S N L L |

0. . ...500. . . _-1000 - _ 1500 2000
‘True Stress (MPa)

Figure A9 Effect of low temperature austemtlzatlon on the work hardening rate

' ©. —true stress curve. [
Heat treatment (A) 843°C x lhr, OQ +(DF) 197 C X lh + (Ag) 482°C x 5h, OQ

141



-

95105 — o S—— ',"“'%-"r“:! ——————
S A Heat #

i 1 1 1

) f“/_\\\ " No Deep Feezing |
= 2. 107 ¢ |
Qo i . ]
. (U i T
X 15100 F — —
O) B & \ " -
£ + ) N i
5 | N ~
C O - . N ~
a 1 105 ERRER— . ‘. _____ N
T l N\ :
<< I : .
[e) . i
= 510% b
2.5 10° oo L L g |
- : Qv o : Heat #2 E
—_ BT : N ) = . -
© - T~ - ++ No Deep Freezing |
Qo . ™. ) I
(] L \ ]
(@)] - : \\ ~ 4
£ : N\ -
o - \\. 4
oY T A 1
5 110 AN
T :
< L
[¢) i

O- IR PSS IR N s IR PRy PR T RN |

0 - . 50 1000 .- 1500 2000
| True Stress (MPa)

oo vF;ig-ure A10 Effect of skipping the deep-freeze on the work hardening rate —
- true stress curve o :
Heat Treatment: (A) 885°C x Thr; OQ + (Ag) 482°C x 5h, OQ

142



Flgure All

S 2.510°

- 210°

[
W
—
)
h

110°

Work Haérdening Rate (ijPa)

5 10*

12,510
\2_, 210
2
©
(@)
£
c
D

g - 1109
I
x
O .
0

-True Stress (MPa)

- Effect of pre-aging on the-work hardening rate — true stress curve.

Heat treatrnent: (A) 885°C x:1hr; OQ +(DF)-197°C x 1h +
(PreAg) 510°C x 15min, OQ # (DF)-197°C x 1Th + (Ag) 482°C x 5h, OQ

143

T T T T T T T T T T ‘l T T L I T T
. // ~ i Heat #1 :
- T~ Pre Aging: |
_ —N-510°C X 15min—
[ :
. i . : _{
i - Heat #2 ]
b TN Pre Aging: |
I TN TH10°C x 15min ]
L ‘\& ]
l \\ i
0 500 1000 ;1500 2000



2-5 105 T T T T T T T T =T T T T l..-. T T T I T T

I — ‘Heat #1 ]
© L | ~ Pre Aging: |
g 2101 : N--+510°C x 30min-—
Q " : : ",_.:‘ o :
@ L 5 _
X 5100+ :

o) i |
£ L ]
C R 4
[} L .
E 110
T R ]
X I ]
6 L - \ ]
< 510
- Y g
2.5 10° ———t——

- L ‘Heat #2 ]
E — T Pre Aging: ]
= 210 — b 540°C X 30MinT
o : i i
© L LY 1
X 1510°
o) I ]
= - ]
c R 4
o) g ]
g 110°
— i ]
X i ]
s) I ]
< 510 \

- kY A

. 0 i 1 1 1 I3 1 1 1 1 : 1 ] 1 ] l 1 H 1 » 1 L )
-0 - - 500--- - 1000 1500 2000
True Stress (MPa) -
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