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ABSTRACT _· 

Improving the Toughness of Ultrahigh Strength Steel 

by-

-·KojLSato:· 

Doctor of Philosophy in MatiriakSCience arid·Mineral Engineering 

.. University of Califotiiia, Berkeley 

- Professor John W Mortis; )t;, Chair 

The ideal structural steel combines high strength with high fracture toughness. 

This dissertation discusses the toughening mech~misin of the'Fe/Co/Ni/Cr/Mo/C steel, 

AerMet 100, which has the highest toughness/strength combination among all commer­

Cial ultrahigh strength· steels. -The possibility o( improving the~ toughness of this steel 

was -examined by considering several relevant factors~ c :- - -

Chapter_ I reviews the mechanicafproperties ofultrahigh strength steels and 

the physical metallurgy ofAerMet.l-00.~ It also _descr-ibes the fracture mechaiiisms of 

steel, i.e. ductile microvoid coalescence,- brittle tiansgranular cleavage, and intergranu­

lar separation. 

Chapter 2 exammes 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. The 

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 
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higher fracture touglmess. :The fracture touglmess value, Jic, IS proportional to the 

particle spacing of the large non-metallic inclusions. 

Chapter 3 examines the ductile-brittle transition of AerMet 100 and the effect 

of 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 tratl.sgranular cleavage and intergranular separation are observed in the brittle 

fracture mode. 

_ Chapter 4 examines the effect of inclusion content, prior austenite grain size, 

and the amount of austenite. on the strength-touglmess relationship. The highest tough-

nessis achieved l::>Y ,low inclusion content, small prior austenite grain size, and a small 

content of stable austenite. The low inclusion content increases the strain at the fracture. 

The reduction in prior austenite grain size prevents the fast unstable crack propagation 

by cleavage. And the stable austenite decreases the strength ofthe intergranular separa-

_ tion at the prior austenite grain boundary, which provides thestress relief at the crack 

tip. 
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·1. GENERAL INTRODUCTION 

1.1 Motivation 

Understanding the mechanical properties-microstructure relationship of ultrahigh 
. ~ . 

strength steel remains a key problem in metallurgy and is the subject of this thesis. 

Among several· ultrahigh_ strength steels, _the 'secbhdary hardening Fe/Ni/Co/Cr/Mo/C 

alloy, AerMet 100, developed by Carpenter Technology Corporation in the early '90s, 

has the best combination of toughness and strength. Early experimental measurements 
- - ; . ' 

in this laboratory revealed a puzzling variation in fracture toughness values among 
- - - ' 

three heats produced by Carpenter. Their tensile strengths were almost the same, but 
. - ' . 

their toughnesses were very different. One was at the bottom of the specification range, 

another at the level of nominal value; and the-las(was at ·an-extremely high level. We 

assumed the difference must be microstrudhral, and understanding the details could 

reveal a way to improve the toligh~ess o{ thi~ ultrahigh strength steel, or even to · 

develop a new steel. -

The explanation for the wide range of tough~ess values, ·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 among all commercially available 

ultrahigh strength steels, was obtained in the heat with the lowest inclusion content. 

Although this phenomeno!J is well known in _many high strength steels, no one had 
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explored it at such high levels of strength ari:dtoughness before.~ 

However, controlling inclusion content is not sufficient. Such a good combination of 

strength and toughness at ambient temperature is only possible with a specific set of 
__ ,_-_ ' 

heat treatments. These heat treatments should produce well-tailored microstructures 

-- ·- - - .··. 

that inhibit fracture propagation. Therefore the second task of this thesis was to deter-

mine the optimal microstructure and heat treatment required to produce high toughness 

material. 

This thesis aims to develop the understanding of the extraordinary mechanical behav-
. ,-_· 

ior, especially the toughening mechanism, of this steel and to find the best way of 
- : . ·.· 

improving its toughness. For clarity it is divided into the following topics: 

1) A comparison of.the strengt?e:ni~g mechanis;ms o~ o~~r ultrahigh strength steels: 

. By understanding the physical :and TI1~ch~ic~l 111etallurgy 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) A r:eview of the physical metallurgy of AerMet 100 {section 1.3): Much previous 
. . - . . - - ~- . . - . .. -.. ' - .. : .. -

microstruct).lral characterization and mec;hanical prop~rty 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 brittle fracture mechanisms in steel: Ferritic 

steels have a BCC structure and ~e in~erently more brittle than FCC materials, 
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such as Cu and AI, because they can cleave.--Und(!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, one creates room for 

further strengthening, and may be able to strengthen the steel by adding more or 

_different hardening elements into the steeL This Will be reviewed in section 1.4.1, 

_ : and experimental data on the ductile~brittletrarisitiori ofAerMet 100 will be shown 

and discussed in 'Cha:pter3 .. 

4) Understanding the microstructural features which relate to each step of ductile 
- . . - -~ .· 

fracture process: Since the high impact toughness of AerMet 100 at ambient tern-

perature is achieved by its ductile fracture mode, close analysis of ductile fracture 

is the key to understanding Why such a wide variation· of toughness was obtained. 

What we show ·is that the inclusion content anion.g these 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 heattreatmentof AetMet-100:Themech~nical behavior of AerMet 

100 will be·.explored by varying the beartteatment conditions, such as austenitizing 

. temperature, skipping the "deep-freeze" step, arid adding pre-aging (intercritical 

.tempering). These changes. affect mictostructura:I charactenstics (such as grain size 

and amount of austenite), work-'hardening behavior,:terisile strength and fracture 

toughness. These experimentahesults will be shown and discussed in chapter 4. 

Finally, chapter 5 shows ideas on how to maximize the _co~bination of strength and 
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toughness of AerMet 100 and discusses :future di_r~ction_s forthe design of stronger and· 

· tougher ultrahigh strength steels. 

. . . . -

1.2 Overview of ultrahigh strength steels1 * 

Since ultrahigh strength steels are relatively expensive, their uses are ordinarily re-

stricted to such applications as aircraft parts and some very heavy duty parts where 

their relatively high cost can be justified. Landing gears, arresting hooks, fasteners, jet 
-· ":·.::· ... ,,_ 

engine shafts, and ballistic-tolerant components are represe~tative uses for aircraft, and 

~ ·-- -·- -- . ' 

high-strength bolts, automotive drive shafts and biCycle frames are some typical uses 

for non-aircraft heavy duty parts. 

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 alloy steels are heat-treated by austenitizing, a subsequent cooling to room tern-

perature or even -70°C or below during which most of the austenite is transformed to 

martensite, and finally a tempering or aging treatment during which carbides and/or 

other hardening particles are precipitated. There are numerous differences between 

these steels, including the size and shape of martensite, the amount of carbon in solid 

· solution, the amount of retained austenite, and the nature of the particles precipitated 

on aging. These steels are normally produced by vacuum induction melting or argon-

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

* Unless otherwise not~d, the information in this section is largely extracted and summarized from 
Metals' Handbook. 1 
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xygen decarburization melting. For high end use such as aerospace parts, these ingots 

are refined by vacuum arc remelting or!electroslag remelting. After the melting proc­

. ess, these ingots are tailored into_final shape by hot-working process, such as pressing, 

, forging, and rolling, followed by cold-~orking processes, such as cold-rolling, draw-

' ing, and machining. 

i-

: Representative alloys of each category ~nd their compositions are shown in Table 1.1 

: with their Aerospace Materials Specific~tion numbers. Their strengths and toughness 

. levels are shown in Table 1.2, and 0.2%; yield strength (YS) - fracture toughness (Kic) 

, relationship is shown in Figure 1.1 1 ·~· 3 .! Below is a brief description of the physical 

' metallurgy of these alloys. 
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·Table 1.1 Chemicalcomp()Sitions of the ultrahigh streng~h ~teels used inaerospa~e industries' (weight%) .. 

#4340 

300M 

HP9-4-20 
' . 

HP9-4.:30 
! . 

HYl80 
! . 

AF1410 

15-5PH 

.', PH1l:8 

C-2p0 
., 

c 
AMS6414 I • 0.4 

AMS6419 

AMS6523 

AMS6527 

0.4 

0.2 

0.3 

0.1 ' 

' 0.16. 

Ni 

1.8 

1.8 

9 

9 

10 
I 

10 

AMS5659 I .0.04' ·. 4.6 

AMS5629 8: 
1 .• 

18 

AerMetlOO I AMS6532 

'0.04 

·0.00~, 

0.23'. 1 Ll 

Co Cr Mo 

.4 

4 

8 

.. :14 
:; 

8 

0.85 0.25 

·0.85 

0.8 

1 

2 

2 

15 

13 

0.4 

1 

1 

1 

1 

13.4. 3.1 

2.2 

4.8 

1.2 

'Mn 

i 0.7 

. 0.7 

Q.l-0.3 

0.'15-0.3 

p.15 

i 

0.25 

Cu 

3.3 

v 

.0.1 

0.08 

0.08 

Si 

0.2 

1.6 

0.2max 

0.1max 

0.4 

I 

AI Ti Fe 

1.1 

0.1 

Balance 

Balance 

Balance · 
I 

Balarice 

Bala~ce : · 

• Balance . 
! 

- · · Balance · 
' 

Balance 

0.4 . Balance 

Balance 



Table 1.2 . Mechanical properties ofultraJrigh. strength steels 

_Alloy_ 0:2%YS 

(MPa)_ 

#4340 1482 

300M 1689 

HP9-4-20 1276 

- - HP9-LJ:.:;30 - ._- ""1413' 

HY180 1276 

AF1410 1551 

-l5.:5PH -:ios9-

PH13-8 - 1434 

C-250 1689 

AerMetlOO "1724' 

Low-alloy steels: 4340, 300M 

._ (MPa) __ 

1965 

'1965 

1344 

(MPa.Ym) 

71 

71 

192 

- ----'1586'- _-_ -- ~ 121 

1344 203 

1689 187 

-112'4- -· 132 

.155L 81 

1724 110 

- 1965' 126 

Alloy 4340 is tyPical of~he low.,.alloy steels u~ed irt~et:Q~pa~e ;:tpplications. This steel 

_ is normally _temp~re~at occlose to ~00°(J~ Afterthe-tempering treatment (a first-stage 

tempe!) about 50%_ of the carbqn has~ pre~ipita_ted _a~~p<;rrbides;_ these carbides are not 

cementite. Alloy300¥ is essenti~lly alloy 1340:m_odif!~d py the addition of 1.6 mass% 

_ silicon; the silicon a~dition increases the yield: stre!'lg~h ::tnd ~llows the steel to be 

tempered at higher t~mperatures _than200°C without tl)e qecreases in yield strength and 

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 



maragingsteel (C250) contain lowcarbon anci:.are strengthened by the precipitation of 

particles during aging. These particles- are ·copper (15.;5PH), -- f3-NiAI (PH13-8) and 

Ni]Mo and Ni3Ti(mar.aging steels). The maraging grades were first introduced in 1960, 

and PH13-8 and 15-S~H were being refine? by Armco in the mid-1960s. 

Alloyed secondary hardening steels: HP9A.,20, HP9-A-30, HY180, AF1410, AerMet 

100_ 

The alloyed secondary hardening steels HY180, AF1410, HP9-4-20, and HP9-4-3 are 

very similar. These alloys are normally aged at high temperatures- 510°C for HY180 

and AF1410 and 565°C for HP9-4-20 and HP9-4-30. After aging, most of the carbon 

-
has precipitated as fir1e-alloy carbides, which have mostly M2C structure, and provide 

the high strength. The cobalt addition is said to increase the driving force for carbide 

precipitation -1md delay dislocation recovery, thereby increasing the number. density of 

the- carbides and enhancing strengthening by the alloy c:arbides4
. Alloys HP9-4-20 and 

HP9-4-30 were introduc-ed by Republic Steel-in 1962 and-1966, respectively, and 

HYl80 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 AerMetlOO, developed by Carpenter Technology Corporation, whose 
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nominal composition is 0.23C-13.4Co-11.1Ni-3.1Cr-1.2Mo-balance Fe in weight%5
•
6

•
7

• 

This steel can achieve the strength level of C250 and 300M while maintaining the 

toughness level slightly below AF1410 (Figure 1.1). 

Ta~l,e _1.3 shows th~ conyersi()n oftJ:!~ chemical compositions of HY180, AF1410, and 

AerMet 100 from weight percent to 'atomic percent. Comparing the amount of MzC 

~arbide by simply assuming all carbort content form M2C carbide, it is clearly seen that _ 
, · I ( "" 

; . ~ ! 
. I . 

the increase of strength and decrease bf toughness among these three alloys are attrib-
: ·- ' 

pted: to the precipitation hardening phase. On the other hand, according to the U.S. 
: ' i ; . ~ 

1 ·· r , 
; 

Patept of AerMet 106, this steel's high toughness is also obtained from controlled 
. ! . 

~ ~ . i . :: 

inclusion content by! improved refin~rrient technique· and fine tuning of oxygen and 
. : . l ·-

: .. : . ; l . •. 7 

~u1f~r getters, such as cerium and lanthanum . 

Frorh the specification foraerospace baterial of AerMet 100 (AMS 65328
) shown in 

) ··- . i . 1 

Table 1.4, the levels ?f impurity such fiS_Al, Ti, 0, and N are severely restricted to very 
. . . 

small-values. This also controls the ihclusion. The mechanical specifications of AMS 

6532 are ·also showrii"n Table-1.5 foif~f~rence. 
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T~bi~: 1.3 Ch~rilic~l c~m~b~itions ofth~ secoridary hardening ultrahigh strerigth st~els. 

c Ni Co Cr Mo Fe MzC* 
.. 

Weight ! HY180 0,10. 10.0 8 .. 0 1 •• 2.0 1.0 78.9 
I 

percent • AF1410 0.16 ... 10.0 14.0 '· 2.0 1.0 72.8 
'· 

.._. 
0 

AerMet 100 '.·· 0.23 . ! 11.'1 l3.4;. :. '3.1 (2 7LO 
'· i i 

' .. (" •. 

; I 
:',. 

I ; 

• I . ' 
I' i ! I 

' 
Atomic HYl80 I • 0.47 9.59 7.64 2.17 0.59 79.5 1.41 

I ' 

percent AF1~l10 0~75 9.60 13.39 2.17 0.59 73.5 2.25 

AerMet 100 1.08 10.63 12.78 3.35 0.70 71.5 3.24 

*Atomic fraction ofM2C is calculated by the multiplication of [C] by 3. 



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

No:rriinal . AMS6532· 

c 0.23 0.21 I 0.25 
·- : ,··- ·. 

.. Ni 11.1 lLOO I 12:00 

Co 13.4 13.00 I 14.00 
-- . 

Cr 3.1 2.90 I 3.30 

Mo 1.2 1.10 I 1.30 
.. 

·Fe - BaL - --· Bal. - ·· 

Si ::;0.10 

Mn ::;0.10 
p ::;0.008 

s $0.005 

AI ::;0.015 

Ti ::;0.015 

0 ::;0.0020 

N .. ::;0.0015 

Table 1.5 Mechanical specification for the aerospace 
material of AerMet 100 

Longitudinal mechanical properties 

Tensile Ultimate tensile strength 2: 1931 MPa 

properties 

Fracture 

toughness . 

Hardness 

0.2% offset yield strength 

Elongation in 4D 

Reduction of area . 

HRC 

11 

2:1620 MPa 

2:10% 

·2: 55% 

. 2: 11 OMPa--Jm 

2:53 



1.3 Physicalmetallurgy of AerMetlOO · 

Intensive resear~h ~n the optimizationoialloycomposition9~ the optimization of aging 

10
, and the mechanical property-niicrostructure reia~ionship 11 •12• 13 • 14 • 15 has been con-

> - - - - - • ~ ·: :. :· c ~ ·:· • 

ducted, and this research will be reviewed in this section . 

. . After a hot-working process to. prociuce a near-net ~~}ape Qf AerMet 100, the recom-
. - ' . . ·. . . . . . . ' ' ·_ ~ - . .. ... . .-

mended heat treatment is a~ follows 4
. 

- Intercritical annealing: 677°C /16hrs.(also _accompli~he~ s.tress relief) 
. .. 

. -'. . :. 

- Solution treatment: 885°C llhr 

... ; • .. 

- Quenching: Water quenching is not recommende?., but the parts should be cooled to 
•.- ---~ _· ·. 

66°C in 1 to 2 hours. 

·· -Deep Freeze: ~73°C or below/lhr/Air:Warmed_ 

- Aging: 482°C /Shrs 

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

following microstructural features and mechanisms. A schematic TIT diagram of 
···.:,·· ..,.:_, ______ _ 

AerMet 100 is drawn in Figure 1.2. 

1) Fine prior austenite grain size during the hot-working process gives highresistance 

to cleavage fracture 13
'
14

. Even many high angle boundaries among adjacent laths 

are observed, 11
•
13

•
14 and this also attributes to the increase of toughness. 
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: 2) Very little .retained austenite remains in • the deep. frozen condition from X-ray 

diffraction analysis.13 After aging. at: 482ac; .a very small-amount of austenite is 

seen atthe ]ath boundaries, but some amount of' austenit~- at prior austenite grain 

boundaries is seen. There is no c:Jear· dis'tinction between retained austenite or re-

.. verted austenite:; If the aging temperature isntised up to 5l0°C, reverted austenite 

can be seen n'ot only atthe prior austenite grain b'oundaries but also at lath bounda-

· ries. : , ": 
_·-; -. 

3) The precipitation hardening phase has a needle shape. These precipitates are · 
,· ·., 

. ·- .. ---- ~ - -· _. . 

believe to be largely M2C carbides if aged at 510°C, but if aged at 454°C they basi-

cally have' coherency along <100>a, and form GP. zone type phases. At the opti-

mum 482°C aging COJ1dition, some lose their coherency and have M2C crystalline 

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

· · · · .· : · - ···· · · '.· '· · · ··· '· rr · · ·· 
for M2C precipitation from TEM bright field image . If the aging temperature is 

high, this phase loses the coherency arid both toughness arid strength decrease, and 

if it is low (underaging),. cementite instead of MiC forms at lath/plate boundaries, 

which deteriorates the toughness a lot. 

4) High tempen1ture aging above 510°C_ ~a?se~ .CD£i!Senin~ of M2C, increasing re-

verted austenite, and recovery of martensite, and alL ofthe~e decrease the strength 

and toughness. 11 

5) Undissolved carbides such as MC, MzC; arld M1C3 are r~ported, 11 but their effect 

on mechanical properties is not known. 
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These papers give us suggestions foi improving the·.toughness. To implement these, we 

have to understand the effect of inclusions, the work::hardening behavior, the ductile-

brittle.transition; and how to controlihe inicrostrudurein detail. Studying the overag-

- ing condition may showinterestingtesults since~overaging introduces reverted a1..1s-

tenite and-_decohesion of M:2C carbides.' Skippingthe deep freeze treatment is also of 

interest since this gives- us information qri the role of retained austenite~ Although the 

effect of prior austenite grain size and~packet sizeis · welFstudied by many steel metal-

1 . !6,17,18,19,20,21,22,23,24 h-· · -11 . _- h-- · ·- · , d - ·1 f h. ·f· - 11 urgtsts, - _ •. - . -- _ _: t IS IS stt wort _ exarmn!ng m- _ etru or t IS spec1 tc a oy. 

_ These.heattreatment conditions were studied and: the details 'are shown in chapter 4. 

1.4 Mechanisms of fracture in steel 

1.4.1 Fracture mechanisms and ductile-brittle transition 

While the sources -of strength and toughness in ferritic steels are not fully understood, 
. .. I- • .•. -· . . ·- • - . • .. - -

the simple r~l~tions that are diagrammed in Figu~e,1.~_sllffice for most alloy design 

purposes25. The basic relation between the fr~~ture toug~11ess and the temperature is 

shown Figure 1 ,3a. The fr.acture toughness drops drainatically :~wer a relatively narrow 

te~perature range that defines the ductile~brittle: transitio~iil_ temperature (T B). The 

ductile~brittle transition is caused by a change in the fracture mode from ductile rupture 
.. -

to trans granular cleavage or intergranu}ar separation. _lf t9:r steel is to have high tough-

ness at its inte11ded service temperature, T B must .bed~creas~d to below the service 

temperature and the fracture toughness in the c.Iuctile modeml..lst be raised to an accept-

able value. 
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-The fracture toughness of a typical ductil~ allo)ds telate.d to ·its yield strength by a 

·- relation like that shown in ·Figure- 1.3b. ···.The strength:.::toqghness characteristic is 

controlled bythe flow-properties ofthe rnatrix:and by the-density and efficacy of the 

ductile void count, whiCh reflect the chemical purity:of:the:.alloy. One can increase the 

_toughness above T J3 by processingthe-alloy to16Wet its:sttength or decrease its inclu-

sion content, but the former is not the good solution for ultrahigh strength steels since 

designers of the aircraft parts always put the strength first in their design. Hence 
- i ~ • : -' · .. ;: ~ .-. ~ ' .. :··._ - . • 

~ -- ·-~--: . 

controlling the inclusion content seems to be the most important task for improving the 

toughness in the upper shelf regime. Since the high impact toughness of AerMet 100 

at ambient te·mperature is achieved by its ductile fracture mode, close analysis of its 

ductile fracture is key -to understanding why such a wide variation of toughness was 

-obtained. -

The ductile-brittle transition can be usefully described in terms of the ''Yoffee diagram" 
' . ' ' . - -- ~ - ' -- ~ . . . 

at Figure 1.3c. The Yoffee model is oversimplified, b~t noneth~less contains the most 
.. -··---·· .: ... 

important alloy design criteria in a compact form. It !lttributes the ductile-brittle 
. r - -- .--.-

transition to a competition between plastic deformation and brittle fracture. At a 
. . . .. . ' . ' " _; ____ .. 

- - - -·· -·· 

c~tical value of the yield stress (crc), the material ahea~ of <m e1Ilbedded flaw fractures 

in a brittle manner before blunting._ As the temperaty_re is_lo~ered, the yield strength of 

the alloy rises until it exceeds_ crc. Th~ crossover_ point detepnines T B· Since there are 

at least two independent brittle fracture modes, transgranular cleavage and intergranu-

Jar separation, there are at least two critical stresses. The transition temperature and 

the brittle fracture mode are deteimined by the ]eas(value of O"c---
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. The Yoffee diagram suggests that T B. can he decreased by lowering the alloy strength or 

by: raising .its resistance to ·fracture jn the dominant· brittle_ mode. While both ap-

proaches have been used successfully; the preferred flictic is to raise the resistance to 

brittle fracture, again since high strength.is a desir~ble: charad~ristic of structural steel. 

-, __ This is done by identifying the brittleJracture mode and its relation to the microstruc-

ture. 

Jt should be noted that T B varies dramatically_ with the. testing method due to different 

ge~metry, constrains; strain rate and so on._FoLexample, uniaxial tensile tests will have 

· higher T B than notch bar tests, such a_s Charpy'and K1c tests . 

. I{the fracture is' intergranular, its source is·m~stly a gr.tin. boundary contaminant, such 

as .the metalloid impurities S andP in stee}26
•
27.is -or an~ inherent weakness of the grain 

boundary.29
•
30 In 'the case of chemical embrittlement, the alloy may be purified of 

. deleteriqus surfactants, alloyed to getter the_se into relatively innocuous precipitates, or 

.heat treated _to avoid the intermediatetemperature :r<:!gime at which these impurities 

segregate most strongly to the gr?in boundari¢s; When the:grain boundaries are ~nher-

· en!ly ·weak, the metallurgical .solution is the additio!l of beneficial grain boundary 

.. '. surf<:~.~tants thatserve to glue them together. 'fhe _mqs~ prorrtinent of the beneficial 

._ su~actants is boron, (first discovered_and <:!,ppli~d in_ t_hi_s laboratory31
'
32

) which is 

extremely effective in suppressing intergr<:l,nl}l~ fr~ctur.e ill Fe-::Mn steels and in Ni)Al ... ··- -- - - - .. 

-intermetallics. 

. . . 

When the brittle fracture- mode is. transgniimiar,- as -it- is in t:YPical ferritic steels, the 
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ductile-brittle transition can be suppr_~ssed by decreasing the effective grain size of the 

alloy, which is the mean free path for cleavage fracture. In many lath martensitic steels, 

the effective grain size is the packet size in which laths have a close crystallographic 

alignment. Two methods have been successfully used to refine the grain size by 

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

In the. case- of AerMet 100; a fine effective grain size 'seems to be achieved by the 

annealing treatment prior to the solution treatment; which is essentially an intercritical 

annealing in y and a twophase region near the A1 temperature. It creates a fine-scale 

lamellar "dual-phase" structure with two different compositions. 14 In the subsequent 
- - - - .. -· -- . . - - : . -~ .· -. .- - -' 

austenitization treatment, these two_ phases transf_?rm into _martensite at different 

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

tive grain size. 

The other heat treatment, ''intercritical. te~per," had rtot; to- our knowledge, been tried 

·earlier for AerMet 100. The intent of this temper is to introduce thermally stable 

austenite of spheroi~al shape33 or c~ntinuo_us narro_w band34
'
35 at the lath and prior 

aus.tenite grain boundaries. Hence the packets are disrupted, and the effective grain size 
. . - ' - . . - . . - - . ~ - - - . - .. 

is reduced. As explained in section 1.3, averaging around. 510°C for AerMet 100 
- ·- - .· ' ·.... -· '•-: 

creates a continuous narrow band of austenit~ at lath_ and prior-austenite giain bounda-

. ries. If we can create a small amount of austenite for the grain refinement without 

losing the coherency of the precipitation hardening ppase (the precursor of M2C), this 

may further improve the toughness of this steel. Therefore, short time temper treat-
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ments (15min. and 30 min.) at 510°C were: chosen prioLto the aging treatment (the 

results will be discussed in Chapter 4). 

1.4.2 Mechanism of ductile fracture 

1) Ductile fracture sequence 

- Since the fracture m~de of properly .. treatefA~rMe(ioo is ~own to be ductile10
•
11

, 

,_ -.-' .. , . 

understanding the ductile fracture process in detail is 'imporhint. A schematic diagram 

of the ductile fracture sequence36 is shown in Figlire 1.4. · 

·. : .. ~ .. -, 

Consider a body with a sharp crack and t\vo_differ~nt kinds of particles. One type of 

particle is. bigger than the other, and it is w~ak1y b_onded to the matrix. These primary 

particles. are usually inc;lusions, such as oxicies, ~ulfides, phosphates and others, and 

can be regarded as pre-existing voids in the material.37 The other type of particle is 

. relatively small and more stronglyborided to the matrix. Undissolved carbide from the 

aiistenitizing heat treatment is an example ofthis kind of particle. 

When an external stress is applie4 to the pre-cracked structure (Figure 1.4a), plastic 

deformation at the crack tip takes place with the high stress intensity near the crack tip 

·.(Figure lAb) .. -:fhi~ st~p is called blunting: J}1is_ :blunting process is governed by the 

-material's inherent ductile strength. Here, t}1e)~h~r~nt strength is defined as a strength 

that is c;ontrolled by its fine microstructure s.t1cha~ dislocation density, precipitation 

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

At the same time or slightly later in this bltiriting stage, void-nucleation from the large 
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primary particles. happe11s due to the decohesion of the interface boundary or the 

- shattering of these particles under the higb triaJ(ial: str~ss state. (Blunting is actually 

helpful to reduce the stress intensity, but any fl)_rther:_if1cr_~as~ of the stress is accompa-

· nied by the decrease· of the effective area by void growth, which increases the local 

stress near the crack tip.) Finally the local stress goes up to the level where the decohe-
- -

sian of the interface boundary at secondary particles takes place and this decohesion 
. . 

and shear localization results in void sheet coalescence. Then the body fractures. Here 

·---·--

:the _void sheet 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 

. triaXial sfate of stress. any more, it will behave like a tensile test specimen, and the 

. work hardening character of the material wi'n decide the- final morphology of the 

. - -· - . . . 

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

The metall~rgical determinants of each of t~ese three steps (that is, blunting, void 

nucleation, and void coalescence) in AerMet 100 must be characterized and how each 
-- - ' - . ~ - -

of these steps affects the fracture toughness values must be fully understood. 
,-;_. --. • <• -: 

· 2) Models of ductile fracture 

While there are a number of distinct theories of the ffiicrovoid coalescence mechanism 

of ductile fracture38
•
39

•
40

, they have commoi1 fe~t~res and lead to similar qualitative 

- -
results. However, there still are many uncertainties regarding the prediction of the 

nucleation of secondary voids and regarding a 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· dtJ~·:t<t fracture or unstable plastic defor-

· _ mation of the matrix ;material between~th~m. 'fh~ ,usual approa¢h is to assume a regular 

· - distri.bu_tion of voids_ and predict failure _wheiL the stress :in the intervening material 

reaches the critical V£tl{le for 'necking o:rJri!cture; _ 

· For a given inclusion distribution the ductile fracture theories all lead to models of the 

(1.1) 

where qis the strain to failure, E is Young's modulus, and ao is the flow stress, whose 

precise definition varies slightly from one model to another. O'o is taken to be yield 

· strength, ultimate tensile strength, or fracture strength in tensile test. In any case, the 

explicit dependence of the fracture toughness on the flow stress suggests that the two 

should vary together, in contrast to isothermal toughness data that invariably shows a 

decrease in toughness with the strength. The resolution of this discrepancy lies in the 

·- dependence of the failure strain- on the flow stress; q generally decreases strongly and 

monotonically with a0 at constant temperature. But if there is a way to increase the q 
- - . 

in more efficient way than the decrease of ao, K1c could be improved. q is usually 

taken to be strain at fracture. But we can also assume that the failure strain in eq. (1.1) 

might scale roughly with the uniform elongation (more precisely, with the true strain at 

·the ultimate tensi.le strength (UTS)), whiC:h is ~ven :by the~11ecking criterion, 

da 
-FO", 
de ·· 
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where dald&is the true work hardening rate and ais the true stress. Since the austenite 

phase has different work hardening behavior than the alpha phase (martensite), moni-

to ring work hardening is m~aningful, Jhe: comparison _of the .substitution of the strain 

at UTS and 0.2% yield strength withtbe strain_a!ld stren~th at fracture will be exam-
-· 

ined at the end of C:hapter 4 .. 

. . . ~-' 

K 
E . 

--~ Ic=· Jlc ··· 2 .,:, .. --

(1-V ) 
·(·I 3\ · · : ... ·• j .. ·_-

equation 1.1 implies that he follows the proportionality rule 

___ .(l_A) -· 

According to Rit~hie et al. 45
, equatio~ I.-4 is nearly-eqmilized by using characteristic 

length, lo*, 

(1.5) 

In case of microvoid coalescence mechanism, lo* typically scales as a multiple ofthe 

mean distance between microvoid-producing particles, and this is a measure of the 

blunting size at the crack tip.45 

The final parameter that may significantly influence the toughness of ductile materials 

is the inclusion density, which determines the density oCnucleated microvoids that lead 

to failure. The ductile fracture theories suggest that 
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(J 
J oc 0 

Jc r;:T' 
....;Nv 

(1.6) 

where Nv is the volume density of active inclusions.47 Equation 1.5 has essentially the 

same form if the characteristic length . scalei{ as inclusion . spacing. Interestingly, the 

models predict that the inclusion count has a much stronger influence on the fracture 

toughness as the yield stress rises, which. sugge$tS that the effect should be most 
. . 

apparent in the highest strength ductile steels, such as AerMet 100. This prediction is 

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

d "1 . 1 47 uct1 e cryogemc stee s. 

·Models using the information ~t"fractbgraphs' are :also pr~p~sed. One of the models 

. Which seems to work well.for.ultrahfgh strength~ steels is the Garrison's model. Garri-

son and his coworker studied the K1c dependence~-on:inclusions in AF1410.48·49·50·51 

They modified the Rice and Johnson model 52 by taking into the account of the result of 

,McMeeking's numerical calculations of.void growth.53·54_ 

According to their model, the crack tip opening displacement at fracture initiation, &c, 

scales as 

(1.7). 

at least for some high strength steels; where Xo :·is 'the average three-dimensional 

nearest neighbor distance between inclusions, and (Rv I 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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· ··· ~aJI (Rv/Ri) as void:growth factor. Xo is calculated by the relationship, 55 
. 

X 0 = 0.89R0 I j
113

, · (1.8) 

where Ro is the average inclusion radius ahd f is t~e volume fraction of the inclusion, 

which·wasassumedequal to the areal fraction.56 

·. The crack tip opening displacement,·&('; is ,evaluated. by tl):e Jollowing relationships. 57 

(1.9) 

This ~alue d11 is a function of work hardening coefficient, n, yield stress, ay, and 

Young's modulus, E, based on calculations by Shih.57 The higher n and E, and the 

·· lower i:Yy are, the smaller d11 becomes. According to this model, fracture toughness, he 

~.ncreas~s with crack tip opening displacement, &c, and yield strength, O"y, and decreases 

with d11 • For higher &c, and therefore he at constant O"y and d11 , a lower volume fraction 

of primary particles or higher void growth factor or both is required. The primary voids 

will tend to grow until the intervoid region coalesces via secondary void sheet forma-

tion or until the primary voids impinge upon each other. Thus a larger void growth 
._.,_,. 

ratio and lower primary particle volume fraction would be beneficial for fracture 

toughness. 

·Equations 1.1 through ).9 were examined for three h~ats ofAc:rMet 100 to determine if 

~these models were applicable to AerMet 100 .. 
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' 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 variation of toughnesses unveiled in the step 1) and 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 selected heats ofAerMeJ 100 produced by Carpenter Techno!-

:ogy were used in this study._ Chemical ~nalysis_()f t~e~e:three heats was conducted at 

Hitac~i~ Metals, Lt~: at_ one time to increase the accuracy of the analysis of trace 

elements. The bars had the dimensions of approximately 100mmw x 32mmT x 2.7mL, 

-and- they all came in as-annealed condition. All the experiments for Heat #1 and #2 

were conducted at the Lawrence Berkeley National Laboratory. The tensile test and the 

fracture toughness test of Heat #3 were conducted by the Naval Air Warfare Center. 
' . . 

Mechanical test specimen blanks were cut from the material, 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. corripact · t~nsion (CT) specimens 

- we:r:e then machined in the L-orientation- andL-T orientation, respectively, from the 

heat-treated blanks .. 
• 

2.2.2 Microstructural analysis 

·- . 

1) · Optical microscopy 

Specimens for optical microscopy were cut frqm the heat-m~ated blanks. The plane 
. . - '. . . . - .. -

perpendicular to the longitudinal direction w:=ts~ polished and etched by an acidified 
. : -·· ' ·-- .. :.. ··-- . . 

FeCh solution, 200mlHCI +200ml H20 + 20gF~.Cb_, to ]."~veal_ the microstructure. 
. -. . .. . . .. . --

- . . 

2) Trarisillission electron microscopy 

Thin specimens for TEM were cut from the heat-treated blanks, then ground to about 
- . . 

75j..tm, 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 energy 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 10-4 per second at room temperature. 
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FraCture_ initiation toughness level was de~ermined by the J-integral fracture toughness 

test method according to ASTM E-813-89, _using the single specimen unloading 
~ . -. . . ... - . ' . . . . - - -· ~ -. . - . . -

compliance method. Compact tensions~eci;mens without side grooves were used. Kic 

was e.valuated by equation 1.3, where v~lues of You11g's modulus, E = 194.6GPa, and • 

Poisson's ratio, v= 0.28, were taken from_CfU1J~~ter Alloy Data.4 

Critical cracktipopening displacement, -&c. -was evahiated from equation (1.9). dn in 

equation (1.9) was obtained froni Shih's plot in plane stnii~ condition57
. The average 

work hardening coefficient, n, was calculated from the slope between 0.2% yield 

strength and ultimate tensile strength in log_£ - log CJ plot of Heat #1 and #2, and 
: c • • -- • -- • •• 

average of all ten_sile data, 0:114 was use<;! ~or the n value. The _calculated number, dn = 

0.57, was used for the evaluation_ of bic for all heats. This value is close to the number 
·. . -. . -·- ··- .. -··-·· .. -- .· - . .. . : 

of Garrison's analysis for AF141049
, i.e .. fin :=0.6. Altthese-va.Jues were also used for 

_ the_ evaluation of Heat #3 since the te:psil~ properties obtained from the Naval Air 

Warfare Center were not complete. 

2) Heat #3 

Mechanical tests on Heat -#3 were cOnducted by the Naval Air Warfare Center. The 

tensile tests were performed using rourid ·cross section spedmens, and Kic tests were 

conducted by -ASTM E399-90 using compacttension specimens. he and &c values 

- - ' 

were calculated by using equations (1.3)"and(l.9-), respectively. 
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. 2.2.4 Inclusion characterization and fractography-. · · 

~ ::Specimen's for optical ·microscopy were-~re-polish~d carefully so that no harmful 

scratches appeared. on _the surface used for the paliicle_ cQunting. The overall particle 

·· .density for large _inclusion sizes> was det~l)llined ~t low ;magnification to estimate the 

__ . two,dimensional mean- particle spacing, 1/--../N, usl.ng·equation 1.6. Optical microscopy 

~ · images of polished cross sections were taken at50x:magnifitafion, over a total area of 

36. rrim2.-Thenumber of .. particles·whose diameters were larger than approximately 2 

J.tlp 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 0.35mm2 

was u;ed to determine the particle v·otume fraction, f, the average particle radius, Ro, 

and the average three diinensional particle spacing;Xo; as: noted in section 1.4.2-2. The 

rnlniinuin resolvable particle at~a was 0:07 t-tm2~ (equ1valentto a 0.3 J.tm diameter) 

-based on the estimated resolution 6fthe imaging systiin. 

Fractographs of the fracture surfaces were used to determine the extent of void growth~ 

The fracto graphs were taken just ahead of the stretch zone at a magnification of 1500x. 

From these fractographs, voids containing particles were identified and the area of the 

void and the nucleating particle were measured. The void and particle radii were 

calculated from the measured area using 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, Rv, divided by the radius, Ri, of the particle nucleating the void . 

. -The same Jractographs--as for- the primary--void growth· were also used for both the 

evaluation. of secondary void coalescence, and Jh¢ measurement of dimple size in the 

coalescence sheet area. The number of secondary voids was counted in the area of 

about 0.25 mm2
, then the mean secondary void Spjlcing was calculated by taking the 

inverse of :Square root of the secondary void density. Then this process was repeated 3 
,., . 

times to get the mean value for the secondary vofd .spacing. 

2.3 Experimental Results 

2.3.1 Chelnical composition 
u 

The result~ of the chemical analysis for all three heats are shown in Table 2.1, The 

mai-n alloying elements of Heat #l to #3 are almost the same except for a small change 

in the Co content in Heat #3. On the other hand, the amount of oxygen, and rare earth 

metals in Heat #1 is much less than that in Heat #2, and 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 2J Chemical compositions (weight%) 

Heat 1 -· -2 3 -

c 0)2_" 0,22 0.23 

Mo 1.22 1.18 1.19 
.. 

Main Cr 3.00. ·2.93' 3.07 

elements .. ·-Ni- 111:31 11.08. 11.14 

(weight%) Co 13.58 13.48 13.16 

Fe Bal. Bal. Bal. 
... Al . 2Q·· .. 30 40 

·.Ti .. 120 100 .· 140 

p 30 30 30 
·--

Trace s 5 4 8 

elerrierits 0 . 3- ·12 :: 6 

(pp!Jl) .· N 7. ·-·5. 5 

Ce 8 72 20 .. 

La 4 22 4 

Nd 8 20 3 

Pr <10 <10 . <10 
··-··---. 

2.3.2 Microstructure 

Optical micrographs in Figure 2.1 show relatively messy martensitic microstructures, 

but all three heats seem to have a similar prior austenite grain size of about 10 J.lm. The 

TEM bright field image of Heat #1 in Figure 2.2 also shows about a 10 J.lm prior 
.. . . . . ~ ' . .. -

austenite grain structure, and a lath microstructure that is not well oriented. Figure 2.3 

shows the orientation relationship between adjacent 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_OS~-tm~Previous papers also report these fine 

-· - .. --···-- --·· 

microstructures ~nd correlates Aefll1_et_.l99'~ hi~_h._ !oug;h~~~s with this fine effective 

.. · · 11 12 13 14 A TEM . f he- -· . . 1' f H #1 . h . . · gram size. · · · . Image o . t -- extractiOn re_p Ica o eat IS s own m 

- _ Figure 2.4. The prior austehite grain size is dearly showrjin Figure 2.4-ato be about 5 

.. to 15 ~-tm. Higher magnification in Figure 2.4-b) reveals that there are two types of 

precipitates, one about 50 to 300 ilm in diameter and the ()ther about 5 to 30 nm. Small 

___ size precipitates were too small to obtain enough EDS co,unts for analysis, but the EDS 

analysis for the large size precipitate shown in Figure 2.4-c was obtained, and it 

showed very high Cr counts with a small amount of Fe. From Ayer and Machmeier's 

work11
, it is reasonable to assume the large pr~~ipitates to'be M23C6, and the small 

~ · prec'ipitaies to be MC carbides. -TEM analysis 'orl H~at i2 showed almost the same 

• -result as Heat #1, but TEM analysis was riot done fof Heat #3 .due to the limited 

number of available· blanks. • The carbide· spacings are roughly examined from ap-

- proximately 350 ~-tm2 of the extraction replica image. The- results for Heats #1 and #2 

ari1.94~-tm and -1.74~-tm, respectively ... 

2.3.3 Mechanical properties 

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 K1c vs. 0.2%- offset yield strength, and 

K1c vs. ultimate tensile strength are plotted:inFigure 2.7.-The published data of AerMet 

100 by Novotn/ 0 is also shown in Figures 2.5 thr6ugh2.8 fot comparison. 
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Table2.2 Mechanical properties ofAerMet 100 among three heats 

Tensile properties . · •.. Fracture properties 

0.2% Y.S. U.T.S. total elon. J1c K1c 8 
·Heat specimen (MPa) (MPa):. · , __ --(%) (kJ/m2) (MPa.Vm) (!liD) 

.. 1 1 1775 1946 9.4 )73.1 191.2 55.7 
2 1769' 1935 9.6 157.6 182.4 50.7 

-
. - . -

''1682 2043 10.7 
.. 

64:8 
--· 

117.0 21.8 2 1 
2 1705 1992. ' ~ ~ 59.4 112.0 20.0 

. - -. . ·-- ----
3 51.3 104.1 17.3 

. - -.. . 
. 

3 1 1731 1917 100.9 146.0 33.2 

The. 0.2% offset yield s~rc:ngths (YS) a~d ~ltimate t~nsile stre11gths (UTS) of the three 

heats are almost the same and they a.re co_mp~able .to Novotl)y's (Figure 2.5). How-

ever, we see higher fracture toughness values for Heat #1, and lower values for Heat #2 

than Novotny's. Only Heat #3 shows almost the same level as Novotny's. Errors 

coming from the test conditions are obviously much smaller than the difference 

· . between the heats: The effect of heat~treatmenton:the toughness-strength relationship 

as examined by Novotnyis shownin.Figure 2.7.Thesedata-fit:a single trend line with 
' -- -

·~slight deviations, which is a typical re.sult forhigh,strength .steels. If we try to increase 

. the toughness, the strength goes down; and :if we _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 hand, has the lowest toughness.,strength combination. _ ··· 
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Fracto graphs of a typical CT specimen are shown in· Figure 2.:8. It clearly shows that 

the fracture occurred by ductile rupture. Furthermore, the fracture surfaces consist of 

essentially two different types of dimple_s. On~ set consists of t~e primary voids, which 

often contains particles and are relatively large. The other set consists of secondary 

voids which are relatively small and only some of which contain small particles on the 

order of several tens of nanometers. fu_ primary voids, l_arge particles above 1 J...lm were 
. ' . - .,.,... 

·-··. 

able to be identified, and they were determined to be mainly oxysulfides or oxyphos-
1 • • • • •• • .. • ' • ' 

phates ofrare earth metals by the EDS analysis. However, smaller particles less than 

0.5 J...lm in size were difficult to analyze because of their small size relative to the probe. 

Extraction replicas Of fracture surfaces were also attelhpted, but only large oxysulfide 

· or oxyphosphate particles could be extracted; and sma:Iler partiCles were not able to be 

identified. 

2.3.4 fuclusion characterization 

Low magnification (50x) ·optical micrographs of polished specimens of three heats of 

. AerMet 100 are shown in Figure 2.9 . .These micrographs clearly reveal the difference 
.: . ' . - . -.~ 

of particle counts in the matrix. Pictures are shown as_ the order of toughness values 

(high to low from left to right) so that the tendency _can be easily seen. These micro-

graphs show the typical number of particles in the cross section. The high toughness 
. .. ; 

heat contains the smallest number of particles and the low toughness heat contains the 

largest number of particles. From analysis of the polished surfaces, 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 inclusions or large MzdC6 particles. 

; ·--. i 

Th~ areal particle spacing for large particles is tabtilated in Table 2.3 and is plotted 
; 

against fracture toughness in Figure 2.10. It is apparent that better fracture toughness 

is obtained bywider particle spacing. Since the rnin~uF resolvable particle diameter 

. ' i : i 

is around 2 !-LID, it is assumed they are atmost all non{metallic inclusions. This plot 

basically follows the model in equation ~.6 becausb t~e yield strengths of all three 
. i l . 

·! 
heats have almost equal values. · 

; ! 
; i i 

- ------ The parameters related to the inclusion particle count:.o~tained from a high magnifica-
! ... : 
!; ., I 

tion (400x) analysis of cross sections and 'fracture sttrfa~es are tabulated in Table 2.3. 
- - ! ,.- i ... 

There, the higher toughness heats tend tb have snialldr inclusion volume fractions, 
• : I i 1 

wider 3~D particle spacings, and greater v'oid g~owt~ fa;ctors, but the average particle 

radius doesn't vary substantially. Since th~ inclusio~ volume fraction of AF1410 was 

reported as 0.0003649
, these numbers seem to bereliahlel 
•.;H,~.•'•'·' i •"• ·i 

-; 
i 

: '1 

Figure- 2.11 shows· the size --distiibuti-6ns: of --the- particles observed on the fracture 

surfaces of compact tension specimens. The median valJe is about 0.5 !-LID for all heats. 

But theheats are different in their distribution of large Jarticles. The distribution tends 

to be more skewed for low toughness heats, _and they have larger maximum sized 

particles. Figure 2.12 shows the relationship betw~eh void radius, Rv, and particle 

radius; Ri, sitting in the void. Void radius is proportional to particle radius up to around 

Ri = 1.0 J..lm. Thereafter, the relationship becomes non-linear, but still monotonic 
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Table 2.3 Microstructual properties of AerMet 100 among three heats. 

; : ·. Heat #1 Heat #3. 
' (High Krc) ·, (Medium Krc) 

Polished Low magnification · inclusion INN··· 0.79 
,. 

0:39 

cross analysis spacing . (mm) 
section 

(SOx) - 36 mm2 
' 

High magnification volume f ' 0.00028 0.00046' 

analysis ·• fraction ' ' (-) '' 
: 

., 
'' 

(400x) ' '' ,. 

- 0.35mtl12 ' · harmonic mean H(d) 0.630 '"' o:666 ·. 
'. 

, .. 
•· · · inclusion diameter . . (J,tm),: ' .. . f '· . 

,., I: 
' '• ' .. \I• 

i .· . ; I -~• ;. 

average ' 0.495 ' ' 0.523 . Ro 1 

' ' 

: . inclusion radius . (J.tm), ' '' 
; i 

' . ' . 
'' '' 

, 3-D'inclusion ,.Xo 6.7! '; 6.0 •.:. . ' . . 
' .. '; . ! '. 

'·, '. '. ;· .. ; .' 

spacing (J,tm) , . 
' . ~ . . ' ._, 

'. ; ·. ., 

Fracture SEM analysis Average void (Rv/Ri) 6.8 5.4 

surface (1500x) growth factor (-) 

(Inclusion spacing)*(Void growth factor) Xo (Rv/R1) 45.6 32.5 
---- ---- ------

··. Heat#2 · 

.(Low·Krc) 

o:29 

0.00067 

: 

0.668 
>·; 

;-· 

: _; 

o.sis 
'· 

5,3 1: 
': ~ ·. 

I:' ., 

. ; 

4.7 

24.7 
--



growth is seen. The effect of initial p(lrticle size on void growth can be seen more 

clearly by plotting the voiq growth factor;- R;IRi, -against particle radius, Ri (Figure 

2.13); Voids initiating from smaller particles tend to-show more growth relative to their 

-initial sizes those initiating from large particles.- This -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 opening- displacements: ~c; of AerMet 100 are plotted against the 

- .. 

parameter, X 0 (Rv I R;), where Xo, is the average 3-D particle spacing, and (Rv I R;) is-

the average void growth factor. We also show the data of other high strength steels 

examined by Garrison et al. 49(Figure 2.14). The ~c values for AerMet 100 show a 

linear relationship to X 0 (Rv J R;), 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 

range ofthe data obtained by Garrison et al.49 

Figure 2.15 shows an exampleof a secondary void analysis of Heat #1. Secondary void 

. spacings were caiculated from the black and white image -of the secondary void sheet 

c-oalescence area. Secondary void spacings of thiee- heats are shown in Table 2.4 and 

Figure 2J6 with their standard deviations. Tliey- have similar values irrespective of 

their different toughness- levels, and show that Garrison's model only holds for the 

primary void distribution. Interestingly, these spacings aie comparable with the carbide 

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

Mean 
. :Standard deviation 

2.4 Discussion -

Heat# I: 
(High :£(](:) .. 

1.261 
0.123 

· Heat-#3 · ·. 

_(Medium_I(Ic) 
-1.270 
0.094 

.. ' ' ' . . ~ .. ' -. ~ . ' 

Heat#2 
(Low Kic) 

1.330 
0.068 

The fracture ·of all three heats of AerMet 100 occurred in a fully ductile manner, though 

- ·--

their toughness levels were quite different. As noted in section 1.4.2, ductile fracture 

occurs in three steps, i.e. blunting, void nucleation and growth, and void sheet coa1es-

cence. Our data suggests that the void nucleation and growth process seem to be 

doillinating the fracture toughness, but still microstructural features in each step should 

·be examined carefully. 
) . 

2.4.1 Inherent strength effects on blunting 

·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 

·.tensile strength levels aie almost equi~aient (Table 2.2). Hence the inherent strengths 

of the three heats, at least in the early stage of (feformatlon, appear to be the same. 

- However, a dose analysis of the work harderiing.behavior, the reduction of area, the 
. . . 

strength. of grain boundaries, the cleavage fracture strength,- and so on should be 

· · perlormed to discuss the inherent strength for blunting since fracture toughness meas-
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tires • the strength. and deformability under highly. hydrostatic . tensile stress and the 

ductilebrittletransition temperature,TB,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. 
- -

2.42 -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 

Table 2.4 and Figure 2.16, microvoid coalescence processes in the three heats all end 

with a secondary void spacing of around 1.3 !liD. The secondary voids could be formed 

by void nucleation from the secondary particles, or by simple micro-tears. If void 

·-
nucleation dominates, the secondary particles nucleating voids appear to be carbides, 

such as M23C6 and MC since these spacings (about 1.8 !liD) are in the same order as 

secondary void spacings. 

2.4.3 Inclusion content effects on void nucleation and growth 

. As_dj~~~sse~ a~()Ve: it appears that all other microstructural parameters except inclu­

sion distribution are nearly the same for the three heats. Given this information and 
. . . 

that s}16wn in Figure 2.10, it is simple to state that the inclusion content is dominating 

the fracture toughness of AerMet lOOThis 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 J.Lm diameter wol}ld 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 large particles sitting in voids on the fracture surface were 

.. - ; ·. . - ...... · -- ··- -

identified as oxysulfide or oxyphosphate, but smaller particles could not be identified. 

-·- ·-·· -

A comparison can be made of the inclusion volume fractions as measured by polished 

. ···: . ·- .. . ... . - --··- -· -·.- .. 

cross section and that obtained by analysis of impurity chemical composition. This 

----- --
provides an independent verification of the applicability of the Garrison model shown 

in Figure 2.14 The amount of non-metallic inclusion can be calculated from the 

.. ·'-

chemical composition assuming that 1) S, P, Ce, La, Nd, and Pr creates inclusion 
. . . . ·. ,. ' - ._, 

- . . . - -- .. -·- - .. 3 
which has a form of (REM)2(0,S)3 and has the density of 6 g!cm , and 2) excess 0 

forms A}z03, and excess S forms TiS. The calculated values from the chemical compo-

sitjons _ar~ compared with the measured yalt1es :from the polished cross sections in 

-Table 2.5 .. ·· 

- --

Table2.5 Comparison of particle volume fraction between the measured 
values and the calculat.edyalues fromch~_mical compositions 

From polished cross section 
Rough estimation from chemical 

. composition 

Excess amount of particle 

- Heat#l_---- ......... -·· 

(High Kic) 
-"- 280 ·. 

38 

242 

38 

Heat#3 
(Med. Kic) 

460 
55 

405 

Heat#2 
(Low Kic) 

670 
178 

492 
(unit: xlO-) 



Values obtained from the polished cross sections show higher inclusion volume 

fraction than the estimation from chemical composition. Taking into account the fact 

that that most of the void nucleating particles have the radii around 0.5 J,.tm, and M23C6 

carbide have radii around 0.05 to 0.3 J,.tm, the primary void nucleating 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 white~images 'Used i~:the areal "traction may be adversely affected 

: 'by these shadows~ Since this is -especially tiue 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 these possible errors, the result in Figure 2.14 is intuitively correct. 

Fracture toughness values can be improved by increasing either the inclusion spacing 

or void growth factor. In case that inclusion volume fraction is difficult to reduce, 

- -

making larger inclusions will increase the inclusion spacing (in this case, however, one 

must watch to see if the void growth factor decreases at the same time). Increasing the 

void growth factor is not obvious but a close analysis of the work-hardening behavior 

of AerMet 100 may give some indication of how it may be accomplished. 
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2.4.4 Improving the toughness 

Fiom the result and discussion in this chapter, increasing the particle spacing seems to 

: be the :only way to improve the toughness without sacrificing the strength. If the 

inclusion content is maintained at the level of Heat #1, the fracture toughness 
·-.;·- -·-· -··-. 

(180MPa>/m) will be well above the specification (~ llOMPa>lm) in Table 1.5, and the 

product will achieve the best combination of strength and toughness of any ultrahigh 

. ·~· · strength. :But maintaining this low: levei ·of: indusiori ·content seems to be difficult 

judging frorir the results from the other two heats:;. 

Further improvement of fracture toughness from the level of Heat #1 is even more 

difficult. KJc is proportional to square root of he or &c , hence the linearity between 

inClusion spacing arid he or &c obtairted in· this study ·only bears the square root rela-

ti~riship withK1c:That ineans if we fry t~ intfe:~se the-KJc f~i 10%, we need to increase 

· the inclusion spacing 20%; a 30% increase requires 70% increase of inclusion spacing . 

. _However, if smaller primary voi~s pJ.a_yed a~ _importantTole _in determining fra,cture 

toughnes~ and if they w~re created by undissolved carbides, then by finding the opti-

mum austenitization temperature or modifying the alloy composition(such that the 

pnor austenite grain size is very small and large carbides are dissolved) we may be able 

to obtain a large inclusion spacing. On the other hand, if the fracture toughness is 

controlled by large inclusions as is indicatedin:Figure 2.10; achieving further reduction 

of inclusion volume fraction is going to be tough. Still, reduction of non-metallic 

·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 100 all with the standard heat treatment, 

the results can be summarized as follows: 

1) Fracture toughness showed a wide variation amopg,three heats though their 
.. -- . . .. . . ·- . - - .. ._ - -. ~ .. ' - ~ ·- -- -

tensile strength l~vels we~e si~lar, 

2) This wide variation of toughnes~ valu~s is mainly dUe'to inclusion content. The 

wider inclusion -_spacing-due to the -Ib\\16r-inchi~i6n volume fraction, and the 

subsequent- increase" in void "growtn-factoi contributed significantly to the 

3) One kind of .particle that nucleqtes primary voids is oxysulfide or oxyphos-

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

of primary void.-

4) Microst~ctural features such as prior austenite _gra!n size, lath structure, undis-
·----- --

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

5) Secondary void spacings on microvoid coalescence sheet were similar among 

three heats. 

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

toughness of Aer:Met 1 oo on a large scale. 
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' 
. 3.- • DUCTILE;. BRITTLE TRANSITION OF AERMET-100 • 

3.1 Introduction 

. Not . only understanding the ductile fracture -behavi9r, but also understanding the 

ductile-brittle transition and brittle fraqtur~- ·mode is important for improving the 

toughness of ultrahigh strength steel. Since fracture toughness tests, such as K1c or he 

tests, involve very high hydrostatic tensile stresses ahead of the crack tip, this might 

introduce a ductile-brittle transition near ambienn~mperature·at the crack front. One 

good way for the eva!uatioh of this ductile.:brittle transition is :the classical Charpy V-

· notch test. By conducting :a low temperature• CVN test, it -might be possible to demon-

Strate the fractUre behavior in a wide area of the CVN fnicttiie surface similar to the 

crack tip of compact tension specimen at ambiertnemperature: -

The high toughness and low toughness heats (Heats #1 and #2) were chosen for this 

test. In addition to the standard heat treatment condition, higher temperature austeniti-

zation conditions were used to study the effect of prior austenite grain size and effec-
-- ..... '· ~-. 

ti ve grain size. 

3.2 Experimental Procedure 

3.2.1 Materials' and heat treatment 

Heat #1 (the high toughness bar) and He?t #2 (the low toghne~s bar) were used for this 

test. Three different austenitization temperatu.res, 11QO~C;)_Q00°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 quenched in oil tQ ~OQill temperature, transferred 

to a liquid nitrogen bath (-197°C) and kept for 1 hol}r, theu~warmed to room tempera-

ture.: Finally, they were aged at 482°C-for 5 ·hours. Charpy Y:notch specimens were 

then machined with L-orientation fromthe heat..,-treated-blanks.:Specimens for optical 
. -

microscopy were prepared in the same method described in section 2.1.2. 

3.2.2 X-ray analysis 

Sine~ th~-- austenitization temperature may affect the behavior of retained and/or 

reverted austenite volume fraction, X-ray diffraction analysis was used to determine 

the volume fraction of austenite after various heat treatments. Specimens were taken in 

each step of heat treatment and prepared by conventional polishing. The calculation of 

the volume fraction of austenite was determined by the standard "direct comparison 

method."58 In this study, the integrated intensities of the (200) and the (220) austenite 

peaks were compared with the (200) and the (211) martensite peaks. A Rigaku 300 

difractometer was operated at 40kVand 200mA with Co Ka target. Since the X-ray 

results from the first several runs of Heat #2 didn't show any difference from those of 

-

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

3.2.3 C~arpy impact test 

. -
.. The Charpy V-notch impact test was conducted in accordance with ASTM E23-96. 

Specimens were machined to ASTM standard single-beam type-A dimensions with L-

·orientation. Impact values were determined at te~t temperatur~s_ of 25°C, -54°C, and-
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197°C. Specimens for .:.54°C were iiiililersed irt a coritrolled temperature dry ice -

ethanol mixture bath, and specimens- for: -197°G were- iminersed in a liquid nitrogen 

bath. At least three specimens were tested at each- -te!hperatute 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 taken ir(SEM; • •• · · 

3.3 Experimental Results 

; '. ~ ... -

3.3.1 Microstructure and volume fraction of austenite 

The effect of austenitizing temperature on the-optical microstructure is shown in Figure 

3.1. Here, the microstructure of Heat #1 is shown as an example since there was no 

-- clear difference :~etween two heats. Whenaustenitizing temperature increases, the prior 

austenite grains grow, and prior austenite grain boundaries become clear and rectilin-

ear, The prior austenite grain size after 1100°C austenitization was about 50 to 200 J.tm, 

and after 1000°C austenitization it was about 30 to 50 J!m. Prior austenite grain 

boundary for standard 885°C austenitization is hard to measure in the optical micro-

graph, but with the aid of TEM micrographs, it is found to be on the order of several 

... ·.-·- ·-·-

rcicrons. According to Guo14
, martensite laths austenitized at 1150°C are well aligned 

in the packet, as opposed to the misaligned laths at the standard austenitizing treat-

ment. Hence these higher austenitization treatments seem to be deleterious to AerMet 

. lOO's smalleffective grain size. 

The volume fractions of austenite under several heat treatment conditions are shown in 
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Table 3.1 and Figure 3.2 for Heat# I. The volume fraction of austenite is around 5 to 

_ _ 6% _in __ tpe (l~~qu~nc:heci con~ition~ _ Th~ __ deep_!!~~z;e ~ea~!llen! reduces the amount of 

austenite down to less than l %, buuhe volume fraction Increases slightly during the 
........... ·-··· -

- - -

aging treatment to a~ove 1 %. The effect of the aust~nitization temperature was not 

-_-that signifkant, -but austenHization·at -woooe--and-Il00°C appears to produce slightly 

higher ..amount~ of austenite than the staridard heat treatment condition. 

Table 3.1 Effect of austenitizing temperature on the austenite volume fraction(%) 
Sample: Heat #1 · 

.. -. (A)1100°C (A)IOoooc (A)885°C, 
Standard 

Quenched * - 5.86 5.58 
·Deep Frozen 0.81 0.69 0.93 

Aged 1.56 1.62 1.25 
*:Data is not taken 

3.3:2 Charpy impact ener-gy and fractographs 

_. The results of Charpy V-notch impact test are. shown in Table 3.2 and Figure 3.3, and 

compared to the published data by Novotny10
. _}\s sh?~n inthe figure, the impact 

energy of Heat #1 with _standard austenitization (885°C) te_~ted at 25°C is about 40% 

higher than Novotny's value. On the other hand, the impact energy of Heat #2 in the 

same conditionshowsthe same level as Novotny's. 

. .. . 

- Ductile-brittle transition for Heats #1 imd #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 

appear to have-upper shelf energy values at 25°C, and lower shEM values at -l97°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)ll00°C 11.9 33.8 38.6 
H~at #1 (A)l000°C 16.1 

' 
51.5 71.7 

... 

(A)885°C(Std) 41.0" ---- 59.T 77.5 
(A)1100°(: 9.9 19.6 31.3 

Heat#2 (A)lOOOoc 12;9 41.0 54.4 
(A)885°C(Std) 26.8 . ·' . ·. ~: 49.4 54.2 

Novotny - 40.7 54.9 

However, specimens for both Heats #1 and #2 austenitized at 1100°C appear to have 

lower shelf energy values at -197°C, but they don't appear to reach the upper shelf 

values at 25°C. 

SEM fractographs of samples tested at 25°C and -197°C are shown in Figures 3.4 

through 3.7. Under standard austenitization treatment condition, both Heats #1 and #2 

have deep stretch zones at the crack front (Figures 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 Figures 3.4-b and 3.5-b, Heat #2 has bigger voids and larger inclusions than 
. - - . . 

Heat #1. These features basically show the same tendency as shown in compact tension 

specimens in Chapter 1. When the austenitization temperature is increased, the fracture 

surface becomes bumpier, and other fracture modes are_ i_ntroduced. One is the cleavage 

fracture, and the other is intergranular separation. They are both clearly seen in Figures 

3.4-e and 3.5-e. In this case, faceted cavities with cleavage fracture evidence on the 

bottom surface plane are surrounded by steep bevels with intergranular separation. 
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·· _Elevated plateaus, e(:lch of which should be _paired with a _cavity, can be seen many 

places (an example is.indicated by the arrow in_l:'igur~ 3.(j_;c). 

-

Fractographs obtained from specimens tested af -197°C show increased bumpy and 

blocky fracture surfaces (Figures 3.6 and 3.7), and they allhave exhibit intergranular 

se2aration along ,inclined . s:urtaces. Higher magnifi~ation shows plateau or cavity 

ifl}ages in which bgth cl~:;tvage and intergranular seJ?aration_~ £U"e seen (except Figure 

- 3X~-:-in which theinclin~cl- s_urface jmage has tiny cleavage surfaces about 5 to 10 f..lm 

imbedded in a ductite ft<tCtQ:J:e surface}Figure 3.} -fsbows tbatintergranular separation 

occurs by ductile fracture with dimples: 

Figure 3.8 is a stereo pair ofSEM fractograph prepared to ;how the height and depth of 

plateaus arid ca~ities respectively. The images ·were prepared with one picture was 

.tiiken with alO~ tilt withrdpect to the, other. we·c-an see large cavities with some small 

.· -. :· :: : . 

plateaus in the pair, even a tiny plateaus sitting in the middle of a big cavity. 

3.4 Discussion -

As shown in the results, the superior toughness of Heat #1 was exhil:Jited again in the 
• ~ ·-.. ·- • • • • > - •• • ·: ~ ·- ._., -

impact energy of the standard austenitization, samples, and it is confirmed that this 

toughness is repeatable due to the lower inclusion fraction and wider inclusion spacing. 

The decrease of impact energy toward lower temperature is gradual for both Heats #1 

. . . . . .. : ... ~- ·. . 

and #2, and this is attributed to their fine effective grain size_ The low impact energy of 

the standard austen1tization specimens at ~19JCC seems -fo be caused by both inter-
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gni.nula.r separation and cleavage fracture~ Grairi boundary sliding of standard austeniti-

zation specimens appears~ to occur in the 50 - 100 J-lh1 range. Since this is much larger 

than the prior austenite grain-size,-niany grains must collaborate for this grain boundary 

sliding. ·-:- : ... -

The effect of prior austenite grain size cannot be seen in tests done at the upper shelf 

-·{this is the case forausteniiization at885~C and 1000°C of Heat #2 tested at 25°C, and 

nearly equal in_ ca~efor Heat #1 in the S(lme condition, too). However, as temperature 
. . . . . . . - - . ' -:. . . . .. ; ~- .. ~-.; . .. . - ... 

is <;tecreased, the impact energies of the 1000°C austenitization samples of both Heats 

#1 and #2 drop more sharply and reach the lower shelf at -197°C. These sharper 

transitions are caused by larger effective grain sizes. The effective grain size for 

intergranular separation seems to be <ibOut 2Q to 50 !-LID for 1Q00°C austenitization, and 

-__ abo tit 50 to 300 !-LID for 11 00°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 cleavage plane, or at most two to three. This suggests Guo's work that high tern-

perature austenitization aligns the lath and remove the disalignment of adjacent laths of 

AerMet 10014
• 

Interestingly, cleavage fracture does not ordinarily penetrate pnor 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, II the grain boundaries tnay be~covered by thin films of 

austenite, which stop the penetration of fast cleavage fracture from one grain to the 

other. Since the yield strength of the austenit~- phase is relatively weaker than that of 

the martensite phase they would be deformed easily if geometry 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 ,sc~~dt fac_tor 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 summarized 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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tQ the low inclusion volume fraction -and widein.clusiort spacing and a ductile 

fracture mode. 

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

size is increased by raising the austenitizing temperature. 

: . ·· .. '. 

3) Brittle fracture occurs m two modes, transgranular cleavage and intergranular .. - .· .. ~ ., - ' .. . 

separation. 

4) Irttergranular separation mayinvoivethe deformation ·of grain boundary austenite. 
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4. MECHANICAL PROPERTIES UNDER VARIOUS HEAT TREATMENT 

CONDITIONS 

4.1 Introduction 

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

te:mperature 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 str:engtb_ and_ toughness prope(l:ies;-Jo:find out the optimum 

· -· ... :._- _austenitization temperature, 1100°C :a_nd 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 l integral test fotthe standard-heat treatment condition. 

In the previous chapter, we realized that the deep 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 introduce 

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 M2C precipitation (Figure 1.2) and could 

possibly lead to a strength drop. Under the assumption that a slightly higher aging 

temperature than the standard 482°C with a short aging time might give the best 

.. combination of toughness and strength, pre-aging treatments at 510°C for 15 minutes 

. and 30 minutes were chosen for two of the heat treatment conditions in this chapter. 

4.2 Experimental Proce~m.·e , 

4.2.1 Materials aiid heattreatrrient 
··:i 

. l ; 

The high toughness bar{Heat #l) and the low toughness bar (Heat #2) were chosen for 

this study. Six different heat treatment conditions were applied to the samples from 

1hese bars. They are tabulated in Table 4.1. Mechanical test specimen blanks were cut 
. . i 

.fromthe material, and then heat treated in six conditions. Tensile and compact tension 

(CT) specimens were then machined in the L-orientation and L-T orientation, respec-
-~-- ' 

tively,from the heat-treated blapks. 
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,• 

V1 
lJ.J 

Condition . 

. · Hich T Aust (A) 

Standard (C) 

Low TAust. (D) 

DF skipped (E) 

·.Pre Age 15' (H) 

Pre Age 30'' (G) 

,1': 

i·. 

Table 4:1 

Austenitization 

llOO.C/lhr/ OQ 

885.C/lhr/ OQ 

843.C/lhr/ OQ 

88YC/ihr/ OQ 

sss·cnhr/ OQ 

885.C/lhr/ OQ 

' 

.... ~~ 

.·1. 

: .. 

k": 

I< 
., 
I, 
1. 

Heat treatment conditions. 

Deep Freeze . ·· . Pre-Aging 

-19TC/lhr None 

-19TC/1hr · · Nqne 

-:19TC/lhr None 

skipped None 

' 
~19T¢/1hr . · sro·cnsmin/00+2 

.,19TC/lhr 

' · nd Deep Freeze 

5Io·c/3·0min/OQ+2 
· . nd Deep Freeze 

*OQ: OilQuench, AC: Air Cool · 

t--.! 

•'i 

,' 

·' 

Aging 

482.C/5hr/AC 

482.C/5hr/AC 

482.C/5hr/AC 

482.C/5hr/AC 

I•; . 

482.C/5hr/AC 

482.C/5hr/AC 



. ~4.2.2 X"-ray analysis 

. The arnount of austenite was measured by the testing method described in section 

3.2.3. Since f!rst several runsof He~t #2 clidn;t sh~w any difference from Heat #1, only 

Heat #i was exruruned under all heat treatment conditions. The data in Chapter 3 was 

used for HighT Aust. (A) and Std.(C) condition. 

4.2.3 Mechanical properties 

Tensile properties were Qytermined .using 6:35mm·diainetet cross section, 25.4 mm 

· gage length ro11n~_Je:nsile specimen. The test was:condU:cted:at an initial strain rate of 

· 5.0 .x 1 o·4 per second at room temperature. Tensile elongatiol} measured by a clip-on 

ga_ge}Vas digitized and stored for the. entire tesLTheJoad vs:. displacement data was 

spline-fitted t~ 1 x l(r8
. The data was tram;lated.into. engineering strain- engineering 

stress cllrves an~ .. true straip-true: -stress. curves. _Tl)e 0.2% offset yield strength 

(0.2% YS), ultimate tensile .strength (UTS), yield ratio, uniform elongation, total 

elongation, and reduction of area (RA) were measured. The true strain at UTS, the true 

. * -. ** strain at fracture, and the true strength at fracture · were calcul~ted from the data. The 

' instantaneous work hardening rate (WHR) the necking criterion in equation (1.2) is 

reached was also calculated, and plotted 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 =ln(l/(1-RA/100)), and 
**true strength at fracture= engineering strength at fracture·(l/(1-RA/100)). 
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unloading compliance method. CompaCt- tension specimens without side grooves were 

__ used. K1c was evaluated ~y equa~i-~~ _ (l}) __ ?y u~11g the _saJ_I?.e values of Young's 

modulus and Poisson's ratio used in section 2.2. Afte[Jhetest, specimens were pulled 

apart, and their fracture surfaces near"the crack front were used for SEM fractographs. 

- 4.3 Experimental Results 

4~3.1 Volume fraction of austenite 

The effect of austenitizing te_mperature and ofskipping the deep freeze on the fraction 

of austenite is shown in Table 4.2 and FigureA, 1. In the as-quenched condition, the low 

T ,austenitization (843°C) has a smaller ~ou~t of retained austenite. After the deep 

freeze, the low.'I' austenitization has-ahighervolume-ofretained austenite. After aging, 

the standard condition has the lowest 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. 

Table 4.3 and Figure 4:2 show the effect of pre-agirifon the volume fraction of aus-

tenite. Until the 2nd deep freeze, the volume of imstenite doesn't seem to be affected 

by pre.:.aging. But after the fina1 aging condition, pre-aged- samples appear to have 

slightly higher volume of austenite thari standard heaftreatnient condition. 
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Table 4.2 Effect of austenitizing tem_perature ahd the deep freeze 
on the fractionof austenite(~) 

(A)1100°C (A)885°C, Stan-· (A)843°C (A)885°C, DF 

Quenched 
_ ··- _ Deep Frozen 

Aged 

dard 

* '5.58 
0.81 0.93 ------- --- -· ·-· 

1.56 1.25 
*:Data is not taken .. 

**:Data is not available 

skipped 

3.86 5.58 
1.34 ** 
1.71 5.66 

i i 
. i i 

Table 4.3 Effect of pre-aging condition on th¢ fr~ction of austenite (%) 
- ! I 

Quenched 
Deep frozen 
Pre~ aged 
Deep frozen 
Aged 

4.3.2 Tensile properties 

' 
·standard · PreAgingt 15r 

5.58 <-

0.93 <-

** * 
** 0.96 

1..45. 1.7~ -· .. 

. ; *:Data is not taken i, , i 

**: Data is not available. 

- . 

Pre Aging: 30' 
<-

<-

1.00 
1.14 
1.84 

. The results of the tensile prppertymeasu~ements ~e:shqwn in Table4.4 and Figures 

· 4.3 ,through 4.10. Table 4.4 also shows the specification !for aerospace use of AerMet 
. . - .. . . . . : 

'--- 1 :· 

100 (AMS 6532) for comparison. All values satisfy~the mirtlmum values of the specifi-

cation except for the 0.2% YS of the DF skipped sainpl~s from both heats. Also, in 

general the total elongation and RA of Heat #1 alw~ys suipasses those of Heat #2 if 
. ····· ; ; -

. . _·. : : .. 

same heat treatment condition is compared, although the- uniform elongation is not 

affected (Figure 4.4). Furthermore, the work harderiin'g characteristics of both heats up 

. -· .... -

to necking are almost identical. These last two facts suggest us that higher inclusion 
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-....) 

Heat 

#1 

#2 

·.Table 4.4 Effect of heat treatment conditions on the mechanical prot:'erties. 

Heat Tensile Properties 

Treatment Engineering stress-strain relationship · True stress-strain relationship 

0.2%YS UTS Uniform :Total R.A. True strain Strain at True strength 

(MPa) (MPa) Elon,(%) Elon.(%) (%) at UTS (-) Fracture at fracture 
(-) (MPa) 

High TAust (A) '1798 2036 2~78 15.0 64.6' 0.0300 . 1.038 ..• 3401 

Standard (C) .1852 2024 1;66 13.5 67.4 o:o252 ..... 1.121 .. . 3399 

Low T Aust. (D) 1712'. 1960 1.85 .12.6 59.6 0~0268 0.906' . 2980 

DF skipped (E) 1583* · 2040 3.09 . 14.7 66.5 . 0.0396 1.094 
,. 

.• 3388 
. . . 

Pte Age 15' (H) 1867 ; 1978 1.46 13.3 66.5 0,0227··· 1.094: : •. 325T 

l"s07 i : 1951 
i .. 

Pre Age 30' (0) 1.68 .14.0 68.3 0:0252 1:149. '' 3278 
I 

High T.Aust (A) '1813 2025 2.01 . 11.7 50.9. 0.0295.' 0.711:. '' 2916 

'Standard (C) :1855 ; ' 2036 1.47 12.7 62.6: o:o235 0.983 :.;' . ; 3243 
'' '1 

19~0 
.. 

o:o222 Low T Aust. (D) '1855 1.33 1L5 57.0 0.844' ···2965 
' ' 

DF skipped(E) 1615* 2039 2.70 14.1 62.3 0.0358 0.976 3241 

Pre Age 15' (H) 1842 2000 1.60 13.1 62.6 0.0247 0.983 3222 

Pre Age 30' (G) 1826 1971 1.43 12.9 63.5 0.0247 1.008 3085 

AMS 6532 21620 21931 210 255 
---------

Marked "*" does not satisfY AMS 6532 specification. 

Fracture Toughness 

Ire Krc 

(kJ/m2
) (MPa.Ym) 

100.7 145.8 

150.5 178.2, 

·I 81.7 131.3 

119.0 158.5 

161.7 :184.8 . 
' . 

180.0 194.9 
' 

71.4 122.8'. 
. ' 

97.2 J433'' 
;-.· ' I 

55.7 l08.4* 
'' 

65.5 117.6 

104.3 148.4 

89.0 137.1 
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volume fraction deteriorates the dqctility 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. U, the values of the_ true strain at fra~ture of Heat #1 in conditions C, E, 

H, and G are about 10% higher than those of Heat #2, but not the high and low tern- · 

. perature austenitization conditions (A, .D). The. true fracture strengths of Heat#1 in 

each-ofthese 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. D.ll 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 austenitizatioh temperature: Figures 43 ~hroughA-.7 

High T austenitization decreases the 0.2% YS and the yield 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 austenitization doesn't affect on the total elonga-

tion and the RA of Heat #1 very much, but it deteriorates the total elongation and the 

RA of Heat #2. The WHR of high T austenitization samples has clearly higher value 

near the necking region, and higher uniform elongation, but the WHR and the uniform 

elongation of low T austenitization doesn't change much. 
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2) Effect of skipping the "deep freeze" treatment: Figtires.4.3,4.4, 4.6, and 4.8 

Skipping the deep freeze reduces the 0.2% YS and yield ratio drastically, but it doesn't 

decrease the UTS at all. It also increases the uniform elongation and the total elonga-

tion while leaving the RAthe same. Better elongation comes with the unique behavior 

of WHR. Skipping the deep freeze reduces the negative slope of WHR against true 

strain, and as a result, it increases the uniform elongation more than 1%. This corre-

sponds to about 85% increase of uniform elongation. 

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

.. _Pre-aging appears-to d~crease both the_0.4~XS~anc1 th,e l[IS; find the longer holding 

tjm~ decreases it more.15 minutes o~ pre.,agi~g do~sn't~seem to change the elongation 

· and RJ\, bl:lt 30 minu!es: ()f pn~-aging_-s:;I~ru-Iy incre~s~s,.the RA. Pre-aging doesn't 

. _ ~ppear to affect the plot of WHR against strain: We ~an assumefrom these facts (lower 

.. tensile strengths and same W~ again~t _s1f_ain plgt) that pre-aging only shifts the 

microyielding point without _changing any:~WHR ~sharact~ri~~ics. By comparing the 

WHR againsttrue stress,t~is is confirm_ed (see appe~dix Figures A8 and A12). 

- .. . 

-4.3.3- Fracture toughness 

The load-unload process of the J-integral test was manually controlled. To satisfy 

ASTME813-89 by a single-speCimen- technique, conipliances:for early stage blunting 

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

fitting curve and get the 1 Q to be a valid he· If the cra~k in the specimen propagates in a 
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slow stable manner, as in the exam:pleinFigure 4;12,.,a, this will lead to the J-da curve 

with evenly spaced data points. But if the. specimen cannot:bold the high elastic energy 

· in the body, and releases it in a fast uristable:crack propagation, a big jump will appear 

. in theJ()ad -vertical displacement 'curve (mar_ked by 'the arrow in Figure 4.12-b ). This 

·then leads to a J-da curve with unevenly 'spaced data p_oints and with a gap. J-da curves 

can be analyzed this way ifthe test material exhibits an unstable fast fracture mode. 

· Also, wid~r. spacing between adjacent: 'points:"in· the~.l'-da: curve suggests that more 

el_c:tstic energy is released at a time with larger crack extension~. ·· 

All the lQ values in this study were valid, and are expressed as 11e. The measured he 

values and calCulated K1c values (by equation 1.3) are tabulated in Taple 4.4 along with 

the tensile data and AMS 6532. The calculated K1e values are graphed 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, 0,15mm exclusion line, ·0.2 miri offset line· (lQ. is the junction between this line 

and the J-da curve), and 1.50 mm exclusion line are also drawn. SEM fractographs at 

the crack front are shown in Figures 16 and 17. The direction of crack propagation is 

froni the bottom to' the -tbp of the picture; arid'r()ughly the .first 0.5 to 0.6 mm of crack 

extension at the center of the CT spechneri: can· be seen fr-om 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 
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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 #l-is different from that of Heat #2 because its crack 

propagates in· fast unstable manner though its elastic energy level is very high. On the 

other hand; the J-da: curve of Heat #2 blurits at a~ much iower- energy level though it 

· · · · shows slow stable crack propagation: From the fracto graphs, Heat #1 clearly exhibits 

deeper voids. than Heat #2 near the crack front with smaller primary void nucleating 

particles. Not only this is distinguishable,_ but also Heat #1 shows features such as 
:- ~ . . . . ~ 

plateaus and cavities, suggesting a more brittle fracture mode at the very crack front 

and a relatively shallow microvoid coalescence region after the deep microvoid region. 

Even.in the- flat ~egion one coulcl describe th~ ftact~re surface as having micro tears. To 

the contrary; the fracture surface or"Heat-#2 has aui1ifohn- fracture mode, microvoid 

coalescence. 

The following effects are always compare~withthe 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 t<:mghness. Hence, . the optimum ~usteni_tization temperature is 

885°C. From Figure 4.14, the crack propagatio!l ()f h~gh T ~ustenitization of Heats #1 

and #2 both becomes more unstable and greater cra<;:k extension occurs during fast 
.· - . . .. : ... ": ···-. 

fracture. Heat #1 exhibits a brittle cleavage surface with largeplateaus, but the fracto-

graph of Heat #2 shows both ductile and brittl~frac!ure modes. There is also evidence 

of grain boundary sliding in Figure 4.18-a(markedbythe arrow~. 
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The behavior of low T austenitization fm: B~at #1_ and #2 also differ. Crack extension 

of Heat #l is propagated in a fast_ l}nst~ble manner, buLthat of Heat #2 is not. By 

-comparing the fractographs in,FigU:re~ 4:17~(; <md 16-::e,. both the sizes of plateaus at the 

crack front and microvoids in the)ow TJll.lstofHeat#l shrinks. Meanwhile, the low T 

austenitizatiqn specimen of Heat~#2 show;s -d!lctile mode microvoid coalescence over 

_ the entire surface similar to the standard-c;Qncliti.on of Heat#2. _ 

- . . ~- ~ 

3) Effect of skipping the deep freeze treatment: Figure 4.13, 4.15, c, d, g, and h of 
.\ 

4.17 and 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 plateaus and cavities than the specimen in the 

.. standard C()J1dition. The "DF sk!_pp~d" egndj!i<?_!l_ofHeat #2 exhibits some plateaus and 

cavities but not too many. Both heats exhibit evidence of both brittle and ductile 

fracture modes. 

--- 4) Effect of pre-aging: Figure 4.13,4;16, c-,d,and i ..-.. m ofA.l7 and 4.18 

The fracture behavior of pre-aged samples of Heats #1 and #2 shows a different trend. 

In the case of Heat #1, the fracture toughness monotonically increases with the pre-

aging time, reaching 200 MPavm. But in case of Heat #2, the toughness only slightly 

increases for the 15 minute pre-aged specimen, then drops if it is pre-aged for 30 

minutes. Although the J-da curves change little among all conditions of Heat #2, the 

change in those of Heat #1 is drastic. Pre-aging raises up the J-da curve in more stable 
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manner for Heat #1. From the fractogra,phs of Heat #2, all samples have similar 

fracture modes, and again they all have . microvoid coalescence over most of the 

fracture surface. However, in the case of Heat #1, the number of plateaus and cavities 

increases with pre-aging time. The deep microvoid region which precedes the crack 

front plateaus in the standard heat treatment condition {Figure 4.17-c) disappears, and . . 

is replaced by a mixture of plateaus and cavities and deep microvoids throughout. In 

both pre~aged and standard treatment samples, ~he plateaus have a monoclinic shape 

with its top plane parallel to the pre-crack plane and its longest length perpendicular to 

the direction of crack propagation. Also the sides of the plateaus are inclined toward 

the crack front. 

:4.4 Discussion 

~ 

4.4.1 Effect of inclusion content under the standard heat treatment condition 

_ A_s shown in Chapter 2, basically, lower i_J1clusio? volume and wider inclusion spacing 

. qm explain -the difference in the toughness values between the two heats. But further 

.differences can be seen. The fracture surface of the high inclusion volume bar (Heat 
-- --- ··- . . . - . . - - .. ~ 

#2)_ is covered by ductile micro;void c~:>alescence. But, once the inclusion volume 

decreases to the level of Heat #1, it not only forms deeper voids as shown in Chapter 2, 

but it also forms a mixture of transgranular cleavage and intergranular separation at the 

initial propagation of the crack front even in the ambient temperature J-integral test. 

That means that severe constraint at the crack front raises the 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 be applied to this heatt.r:eatinent study. 

. .. - -- -

Intergranular separation is usually classified as an undesirable, brittle fracture mode, 

. -- - -

but in this case it might be helpful for improving the toughness. If a stable austenite 

phase (which is ductile and has good workability) covers the prior austenite grain 

boundaries in the form of a thin film, then this can act to increase the toughness by 

allowing ~plastic deformation during grain sliding. As shown in the Figure 4.17 -c, 

. standard condition of Heat #1 has plateaus at t~e cr~~k front. Since this is the grain 
.. r', 

bo~ndary sliding, this does not build up the stress in th~ grain very much, is helpful for 

blunting, and could decrease the stress intensity near the. crack tip. However, if strain 
. : . - ·-· . 

energy goes up further, then there will no longer be grain boundary sliding at the crack 

front and the subsequent deep microvoids region cannot hold such a large strain energy, 

so fast unstable fracture occurs. To the contrary, standard Heat #2 doesn't have .clear 

plateaus at the crack front, indicating that there is little or no sliding along the grain 

boundaries. Assuming alf other microstructural parameters ·are 'the same except for the 

inclusion volume fraction, this higher inchision vdlume fraction causes shear localiza~ 

tion arid subsequent microvoid nucleati~iiand growth at :a lower strain energy le~el. 

· This isthereason why plateaus cannot be seen clearly:i~Heat #2. 

4.4.2 Effect ofaustenitization temperature 

1) Effect of high temperature austenitization: 

The effect of high temperature austenitization on the toughness-strength relationship is 

shown in Figure 4.19. High austenitization temperature slightly decreases the 0.2%YS 
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b!lt doesn't change the urs very much.- Jiowev~r, jt• decreas~s_ the toughness signifi-

cantly, especially for low inclusion fraction 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 

trans granular cleavage more than that of Heat #2. Hence toughness drop for Heat #1 is 

larger than that for Heat #2. 

2) Effect oflow temperatureaj.lstenitizatiep_: 

- -· . 
Low T austenitization decreases the UTS for both heats (Figure 4.20). Low T austeni-

tized Heat tH appears to have relativelytiat unstable fast fracture surface, and doesn't 

- - . -·- - - . ~. 

have deeper voids nor larger plateaus at the crack front unlike those in the standard 

Heat #1. Since, the fracture pattern still has the featur~ of rnicrovoids, this is classified 

. -. . ... . - ... 

as rnicrovoid coalescence though the rnicrovoids tend to be shallow. On the other hand, 

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

. - . ~- . - . - - .. -

From these results, low temperature austenitization may increase the number of 

- -- ' -
undissolved carbides, decrease the inherent strength, and have more void nucleation 

sites. The low strain and low strength at the tensile fracture in Figure 4.11 also support 

... - - . ·- --
this idea, since increased volume of undissolved carbides not only creates void nuclea-

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

4.4.3 Effect of skipping the deepfreeze . 

The effect of skipping 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 WIIR. is plotted not against strain but against stress; the early stage of work harden-

. . 

ing behavior is understood more easily: -As shown in Figure ·4.22, the standard heat 

. .. 

· treatment condition shows ·linear elastic· behavior until about 11 OOMPa for both Heats 

#1 and #2. Then both heats yield· and the eia~tiC-plastic tra~sition occurs rapidly. On 

--the otherhand, if the deep freeze skipped, both heats yield on a micro-scale around 300 

MPa, then a relatively mild negative slope goes up to about llOOMPa, which is the 
• •• -- •• • • • -~ - • -· • <'". --- -- - ·_ 

same deflection point in str~ss as in the standard condition. After this second deflection . . .· - . - '• ., ... ,-.. - - . :, .• . . 

poi!lt, skipping DF condition ma:kesjts negative slope slightly steeper, but still mild in 

compafison to that of standard condition, then finally they cross over above 2000MPa. 

This early yielding should be caused by the retained austenite. 
. .: . . :. . - . -

Considering --the result that the DF-skipped treatnierit has- a high volume of retained 

.austenite, these phenomena could· be: explained as follows. ·Retained austenite sits 

mainly at the prior austenite grain boundary, and is at least stable during the early stage 

~- --of deformation in the tensile test. But-a high-hydrostatic tensiie' stress state triggers the 

stress induced martensitic transformation .. Since fresh martensite is very brittle, it 

shows poor fracture behavior in fracture:toughness test a1though plateaus and cavities 

are seen on their fracture suifaces. The stability and location 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 conditions on the toughness-strength relationship is shown in 

Figure 4.23. The behavior of the two heats is completely different. Pre-aging increases 

the toughness of high toughness bar (Heat #I) though there is a slight decrease in 

tensile ~trength. On the co~tnrry, the toughness ofHeat #2slightly increases for the 15-
.. .. . . ,· .. .. . 

mi~ute holding time, then toughne~~ d~c;~ases for 30-ffiinute holding time, while 

strength simply decreases with holding time. 
.- ·~ ~- .· .. 

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 

cracks with less damage to the inside of grains. Hence a rising J-da curve with stable 

slow crack extension is obtained with both plateaus/cavities and ductile microvoids. 

On the other hand, Heat #2 cannot use this blunting technique. If the body has a large 
'' ' 

amount of inclusions, shear localization and early microvoid nucleation 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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monoclinic shape with its top plane parallel to the p:re::-crack plane and its longest 

length p~rpendic.ula,r to the direction of-crac.k propagation~ A~so the sides of the pia-

tea us _are inclined toward the·: crack ·front,· Since th~ maximum plastic strain occurs at 

45° from the'crack plane at the_-~lun~ed cni:qk tip jn model loading59
, once cleavage 

- occurs_aheild ofthe crack;tip on the o:rde~ of pp9r at,Istenitegrain size, grain boundary 

austenite at far: side and near s_ide fr{)IJ1.: the qaclqip will: be ~sheared along maximum 

· pl::tstic stntin dire~tion .. Sin~e :tl1er_~ is_ng strain :Ifting OJ1 t11_eplane perpendicular to the 

crack front, if: adjacepJ grains_ alo_11g_c;rack fro11t have similar-gr::tin orientation, they can 

_all cJeave <ttone time; apd be pylled,tog~th~r. ~:~ ~ -_ -

· · .4A~6 Fracture, patterns _-

Assuining ·the existence · of·grain boundary-austenite, air frachire patterns are summa­

rized below arid a cartoo~ depiction of each is given in Figure 4.24. 

- ··-···· 

Case l: The fracture mechanism of Heat-#2 is basically just-inicrovoid coalescence. If 

a body has high volume andnarrowly spaced: inclusion in it, relatively low hydrostatic 

tensile stress nucleates voids from large irichisions (avoid), the' subsequent void growth 

causes the shear localization, and'inicrovoid c'oalescence occurs in a stable manner (all 

conditions except 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 particle will go up. If the body was kept strained by remote 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 

about t~ice as large as crack tip ope~i~g displac~~ent59). Eventually it will attain the 

critical stress which initiates the cleavage fracture ( <icJeavage). However, if there is 

enough work-hardenable, stable austenite with low yield strength (craB) at the prior 
J 

austenite grain boundaries, and if geometry allows this austenite to be sheared, cleav-

age fracture cannot penetrate to -the next grrurf, and the shear stress pull the grain out. 

Then plateau and cotresp0nding cavity- is foriiied with irllciovoids ahead of this grain 

boundary sliding area (standard, andpre.cag-ed-15mirt. and 30miri. in Heat #1). 

Case 3: If the effective prior austenite grain size becomes larger, and <icJeavage becomes 

smaller than avoid, then only a mixture of transgranular cleavage and intergranular 

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

Case _ _4: lfthegrain boundary austenite is unstable, the crack_propagation will form a 

pl~teau and cavity combination, but at the_ same time it creates 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, ductik fracture models .generally have the form of 

equation 1.4. Hence all experimental data obtained in thischapter were examined by 
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l1e vs: £r O"o plot. 

First, the values of the strain at UTS and the 0.2% YS were substituted for £r and O"o , 

respectively in equation 1.4. Figure 4.25 shows that using these values does not result 

in a single proportionality constant applicable to all samples in all of the above cases. 
- ··' 

Each case needs to be considered separately. 

As categorizedin the above section, the pure ductile fracture condition (case 1) forms a 

group. If it is taken as nominally following equation 1.4 using the values of the strain 

at UTS and the 0.2% YS for £r and O"o, then one can compare the other cases to see how 

the different fracture modes affect the model. In case 2, since they involve blunting by 

grain boundary sliding, the samples reach higher fracture toughness values than would 

be predicted by equation 1.4. In case 3, they deviate to the right of case 1. Since the 

. fracture surfaces in case 3 contain more areas of brittle fracture, the high elongation 

and high strength until necking. cannot ~ontrib~~e to the 11e. _In the case 4 conditions, 

the yield strength of the retained austenite might be overestimated as shown in Figure 
. . ' 

4.24. The strain at UTS also overestimates the critical strain at the crack tip due to the 

high hydrostatic tensile stress state. Hence these values also deviate to the right from 

case 1. 

Since there is a highly triaxial stress state at fracture, a more appropriate choice for the 

flow stress and failure strain would be the strain and stress at fracture in the tensile test. 

To test this idea, he vs. fjO"o was re-plotted by using strain and strength at the tensile 

fracture for £r and O"o, respectively (Figure 4.26). In this plot, all categories except for 
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those samples in case 2 show rough proportio:nality. lfowever,_ case 2 obviously has 

higher 11e values from other three categories. As discussed in sections4.4.5 and 4.4.7, 

the higher he values are attributed to. the blunting mechanism by grain boundary 

sliding. Deviation from the other three categories becomes larger when more plateaus 

and cavities are formed o~ surface at the crack front by grain boundary sliding (Figure 

4.18-c, i, k). Thts grain boundary slidingjs only available at the highest combination of 

Ef and Oj so tll'at the_ .CYvqid surpasses thy G"cleavaee· 

By comparing Figures4:25'and 426, it is e-vident that the fracture toughness he is 

· estimated more accurately fro:in the tensile ~fracture condition than the necking condi­

tion.-· That means • the final fracture' pro~ess in :the • neck· in- tensile test simulates the 

plastic •deformation behavior near the crack fronHn CT specimen to certain degree. But 

·the tensile fracture cannot predict the blunting by prior austenite grain boundary 

sliding, which is what increases the he values significantly for the samples in case 2. In 

the case of the CT specimen geometry, blunting by grain boundary sliding reduces the 

stress intensity at the crack front and allows sampling o{ a l<rrger volume of material, 

whereas In the tenslfe test geometry, grain boundary sliding will not have that effect. 

Rather it decreases the fracture strength . 

. Here I propose the direction of impr6ving-tne tougnness of AerMet 100. 

i) reduction of non-metallic inclusion volume 

ii) reduction ofprior austenitegrain size 
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iii) inclusion ofadequate amount of stable austenite at the prior austenite grain 

boundary 

iv} control the amount of undissolved carbide· 

- -

v) further addition of precipitation hardening elements 

All of those are the traditiol!al ways ofobtaining optimu~ tou~hness/strength relation-
. \ -

ship .. But this is .t?e way this ultrahi:gh,_strength steel can be improved. Approach i) 

needs state of the art level melting skills and equipment, but approach ii) is very 

. - - .- . .:.-

popular in Korea and Japan these days. At least if approach ii) is achieved to some 

- - ·- .. . . .. ·. :. - . . _-. .. --. . 

degree, optimization of approach iii) and iv) may help the- further improvement of 

- ... --- - - -· -- -

toughness. If there is still a room for' the incn~ase of strength, approach v) should be 

explored to invent a new ultrahigh strength steel. 

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 suniiharized as -follows:-

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

this study. 

2) ·Any heat treatment conditions tested in this study could not improve the toughness 
. .. . ··- ' .- -- . 

of the low toughness bar (Heat #2). Tbe critical vpid _!!~cleating stress with high 

72 



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

always lower or equal to the other brittle fracture modes. 

3) 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 deeper voids, as shown in 

Chapter 2, but also forms mixture of tr~nsgranular 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. 

4) Grain boundary sliding is associated with stable austenite along the grain bounda­

ries. This is helpful for blunting at the crack tip and increases the he value, though 

this may reduce the tensile strength. Holding at slightly higher temperature (510°C) 

than standard aging temperature ( 482°C) in a short time is useful for improving this 

blunting mechanism. · 

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

yield strength, but also decreases the toughness. 

6) The optimum austenitization temperature appears to be near the standard austeniti­

zation temperature (885°C). 

7) 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. 

-j. ·.i 
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5. CONCLUSIONS 

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

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

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

elastic energy, and improve the toughness. 

2) Fracture toughness, he, is linearly related to the inclusion spacing. Further im­

provement of toughness in K1c only by the increase of the inclusion spacing is diffi­

cult since K1c is proportional to square root of he· 

3) The particles nucleating the primary voids are mainly oxysulfides or oxyphosphates 

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

4) The high fracture toughness is based on not only low in'clusion content but also on 

fine prior austenite grain 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. 

5) 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 thecrack front of a compact tension specimen in an am-

· bientteinperature J-integraltest due to_ the high triaxiaLtensile stress state at the 

_crack front. 

- . -

6) Grain boundary sliding is helpful for improving toughness by its contribution to 

crack tip blunting. This .is associated with the- stable austenite forming at the pri-

mary austenite grain boundary. Intercriiical temper prior to the final aging treatment 

increases the amount of stable austenite. 
: 1-·-.· 

.. ..:..:. ··'··-·- ···-·-

·. • 7) The sta~~a_rd model relating he 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 

ii) reduction of prior austenite grain size 

iii) 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 succeed. Each of these objectives is achievable. Approach i) 

needs· state of the art level melting skills and equipment, but approach ii) is already 

very popular in Korea and Japan these days. At least if approach ii) is achieved to some 

degree; optimization of approach iii)and iv) may help the further improvement of 

- toughness. If -there is still a room for the jncrease of strength, approach v) should be 

-· ~xplored to invent a new ultrahigh. strel}gth steel. _Hop~fully this fundamental under-

-standing of the strengthening and toughening mechanisms will be applied to make the 

next generation ultrahigh strength ~tee Is. 
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Figure 1.1 Relationship between fracture toughness, K1c, and 0.2% yield 
st~ength among several ultrahigh strength steels. 
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Figure 1.2 Schematic TTT diagram of AerMet 100. 
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Figure 1.3 Fracture behavior of ferritic 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 K1c), b) Heat #3 (Medium K1c), and c) Heat #2 (Low K1c). 
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Figure 2.2 TEM bright field image of AerMet 100. 
Heat # 1, standard heat treatment condition. 
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Figure 2.3 TEM bright field image and the SAD pattern of AerMet 100. 
Region marked "0" in the selected area in the TEM image has zone parallel to [311 ], and "X" has [0 11] 
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Figure 2.4 TEM micrographs of extraction replica and the EDS analysis of the 
precipitate. 
Sample: Heat #1. Standard heat treatment conditi.on. 

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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All three heats of this study are treated in the standard heat treatment condition. 
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Figure 2.8 SEM fractographs and the EDS analyses ofthe inclusions of the compact tension specimens 
a) Heat #1 (High Krc), b) Heat #2 (Low Krc) 
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 Krc), b) Heat #3 (Medium Krc), and c) Heat #2 (Low Krc). 
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FigU.re 2.10 - Effect of"areal inclusion spacing on the fracture toughness. 
Minimum resolvableparticle diameter ::::: 2Jlm. 
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The size distributions of the inclusions observed on the fracture 
surfaces of the compact tension specimens. 
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Figure 2.14 Ca1culated values of 81c plotted as a function of Xo(R v/Ri) for AerMet 100. 
The results of AF1410 and 0.4%C based steel obtained by Garrison et al. are also 
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Figure 2.15 An example of secondary voids anal his. 
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 ofaustenitizing 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 3.4 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 I 77.5 J, c), d) (A) 1000°C I 71.71, and e), f) (A) 1100°C I 38.61. 
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Figure 3.5 SEM fractographs of the CVN specimens of Heat #1 
Test temperature: -l97°C. Cracks propagate fromthe bottom to the top of the images. 
a), b) (A) 885°C I 41.01, c), d) (A) 1000°C 11 6.11, and e) , f) (A) 1100°C 111.91. 
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Figure 3.6 SEM fracto graphs of the CVN specimens of Heat #2 
Test temperature: RT. Cracks propagate from the bottom to the top ofthe images. 
a) , b) (A) 885°C /54.2 J, c), d) (A) 1000°C I 54.4 J, and e), f) (A) 1100°C I 31.3 J. 

* An example of the plateau is marked by the arrow inc). 
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Figure 3. 7 SEM fracto graphs 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 I 26.8 J, c), d) (A) 1000°C I 12.9 J, and e) , f) (A) 1100°C I 9.91. 
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Sample: Heat #2, (A) 1100°C, Test temperature: 25"C, CVN impact energy: 9.91. 
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Low mag High mag. 

Figure 4.17 SEM fractographs of the ] -integral specimens ofHeat #1. 
Cracks propagate from the bottom to the top of the images. 

a), b) HighT Aust. (A) /145 .8MPa"'m, c), d), Standard (C) 1178 .2MPa·Jm, 
e), f) Low T Aust. (D) /131.3MPa"'m, · continued to the next page --7 
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Low mag lligh mag. 

Figure 4.17 SEM fractographs ofthe ]-integral specimens ofHeat #1. 
Cracks propagate from the bottom to the top of the images. 

g), h) DF skipped (E) /158.5MPa~m, i), j), Pre Age 15 ' (H) /184.8MPa~m, and 
k), m) Pre Age 30 ' (G) 11 94.9MPa~m. f.-continued from the previous page 
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Low mag High mag. 

Figure 4.18 SEM fracto graphs of the J-integral specimens of Heat #2. 
Cracks propagate from the bottom to the top of the images. 

a), b) HighT Aust. (A) I 122.8MPa-Jm, c), d) , Standard (C) I 143.3MPa-lm, 
e), f) Low T Aust. (D) I 108.4MPa-lm, continued to the next page ----t 
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Low mag High mag. 

Figure 4.18 SEM fractographs ofthe J-integral specimens ofHeat #2 
Cracks propagate f:rom the bottom to the top of the images. 

g), h) DF skipped (E) 111 7.6MPa-/m, i), j), Pre Age 15 ' (H) 1148.4MPa-.im, and 
k), m) Pre Age 30 ' (G) /137.1MPa-.im. ~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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Figirre 4.23 . Effect-of pre-aging conditions on the toughness-strength relationship. 
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· · Case 1 : crvoid < crcreavage 

Case 2: 
crvoid ·is work-hardened ' 
then surpasses crcreavage 

Ca?e 3: crvoid > crc1eava9e 

Case 4: unstable y 
at prior austenite 
grain boundary 

Figure 4.24 Schematic images of the fracture patterns. 
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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 Al2. 

; : 

; . 

. ! 
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