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Abstract

The excellent corrosieresistance of metastable AISI 321 austenitic stainless steel makes it a
choice material in the fabrication of nucleadamemical plants, pressure vessels, automobile and
aircraft components, etc. However, AISI 321 is characterized byyiel strength and poor
tribological properties that hinder its widespread application. Therefore, it is important to improve
its yield-strength to expand its structural applications without compromising its excellent corrosion

resistance.

In this studythe effect of grain refinement via cryolling followed by annealing on the strength

and corrosion resistance of AISI 321 austenitic stainless steel is investigated. The mechanical
behavior of the aseceived coarsgrain and refined alloy (firgrain andultrafine-grain) were
investigated at high (dynamic impact) and low (gistatic compression) strain rates using the
split Hopkinson pressure bar aimtstron R5500 mechanical testing machine, respectively. The
corrosion resistance afoarsegrained (CG), fine-grained (FG), and ultrafingrained (UFG)
specimens were also investigated using electrochemical metBodsning and transmission
electron microscopy (SEM, TEM)X-ray diffraction (XRD), and electrehackscattered
diffraction (EBSD) were usetbr the microstructural and textural characterization of various

specimens of the alloy before and after plastic deformation.

The optimunthermomechanicairocess conditions for developing UFG struciarthe AISI 321

steel is cryerolling to 50 % reduabn of plate thicknes®llowed byprocess annealing at 1023 K
(7503 ) for 600 s (10 minutes). The hardness of the UFG steel specimens is determinetb® be
% higher than that of the -asceived (CG) AISI 321 steel. The developed UFG specimens have
stron g i nt e-fibeei{i119}<uont) texture, which is attributed to pseutdxture memory
effect in AISI 321steel The mechanism for pseutiexture memory in AlSI 32&teelis proposed.

The yield strength of the UFG AISI 321 steel is ~400 and ~200%ehitdpan those athe CG
specimens under both quasatic and dynamic deformation conditions, respectively. &tigh
twinning are the activdeformation mechanissnn CG specimens. Both are highly suppressed in
the UFG specimens due to spatial restricteffect. During plastic deformatiorg-FCC to
martensite -8CC) phase transformation occurred, which is more favored in the UFG specimens

and at low strain rates. €hcoexistence ofmartensitic phaséransformation paths with and



without an intermediat@ h a s e -ihdit€hBite)j® confirmedin AISI 321 steelduring plastic
deformation under both quastatic and dynamic loading conditionsrespective of grain size,
ShojtNishiyama, KurdjumosSachs and Burgers orientation relationships exist betweeratite
O,andJg, aadUudx phases, respectively. Thus, the ph
FCC o Y BCC Uag a¥Y dBEC CUThe shabld&@dPientation of the austenite

phase in compression [$10||CD texture while that oftte martensitic phase j40Q||CD with
spreadowards[111]||CDtexture

Under dynamic impact load, UFG specimens exhibit lower critical strain and strain rate at which
shear strain localization (adiabatic shear bands) occurs. EBSD analysis reveaéaatlihyentent

of equiaxedultrafine-grainedstructure §veragegrain sizes o~0.17e m i n CG eamdi n~0. 1
UFG specimens) inside transformed shear bands by rotational dynamic recrystallization
mechanism. The five strengthening sources that contributeaia s@rdening in AISI 321 steel

are determined to be: (a) grain boundary strengthening, (b) deforAradiored martensite
transformation, (c) deformation twinning acting as a barrier to dislocation motidis(@gation

dislocation interactiongnd (e)dislocation interaction with titanium carbides. On the stability of

the austenite phase in AlISI 321 steel, EBSD analyses confirmed the evolution of both thermally

and deformatiofinduced martensite that grain size and orientatiecdependentThe results of

corrosion studieshowthat the excellent corrosion resistance of AISI 321 steel is not compromised

by strength enhancement through grain refinenfehtt hobghpr esence of Ti C p
321 is not detri metndrmmde,t ot hdts aoforTioMN i pair triecsli e s



Acknowledgment

In all sincerity, my journey towards completing my PhD program has taught me how important
peoplec an be i n oneds nhanypeepletoRmpretiatei Howesen, Ham rebtrainea v e
for the lack of space and for the fear of omitts @ me onaneedisintentionallywhetheror not

you are mentioned, you are highly appreciated!

My immeasurable gratitude goes to my supervisors, Prof. Akindele Odeshi and Prof. Jerzy Szpunar
for their constant gdance and support towards the successful completion of my PhD program.
The contributions (advice, insightful and valuable comments) of my advisory committee members,
Prof. H. Guo, Prof. I. NA. Oguocha, Prof. Q. Yang and Prof. M. Boulfiza are gresgtlyreciated.

My appreciation also ggsto Mr. Nan Fang Zhao and Mr. Rob Peace for their time, advice and
patience in training me on some of the equipment used in the course of my PhD program. To
members of our research groups, colleagues and friends limolsand Church); your
understanding, contributions and moral support towards the completion of this thesis are indeed
needful and helpful. Many thanks to Prof. Marc Meyers and members of his research group at the
University of California, San Diego, USAQr giving me access to use théicused ion beam

equipment and transmission electron microscope for the analysis of some of my samples.

Gratitude for financial supports also goes to the University of Saskatchewan for the international
Deands s dNatudl creschs apd Engineering Research Council of Canada (NSERC) for
Vanier Canada Graduate Scholarship, College of Engineering award committee Torytie
Automotive Engineering and Safety Scholarship and Douglas Patton Hogg Memorial Aavard

also grateful tctACUREN Group Inc., Saskatoon, for the use of Fischer Feritscope MP30E

To my parents (Mr & Mrs Tiamiyu) and siblings, thanks for your prayers and understanding.
Profound and unreserved gratitude to my wife, Raliat Abiodun Tiamiyu. Your ssiomitowards

my aspirations and visions cannot go unnot.i

ce



Dedication

To God,
ANow unto him that is able to do exceeding
according to the powerthetor ket h i n uso

To my lovely wife,

whose immeasurable love and support at all times made this work possible

To my kids,

although | started this journey with my wife, you came in, to be part of this success story. Your
smiles alone are powerful drive!



Table of Contents

sz

PermissiontoUs e ¢ é ¢ é é ¢ e éééecéééeecééeececéeeeecece.

Abstract ééeéeéeée
Acknowl edgment
Dedi cati onéé

Tabl e of Cont en

Li
Li

Li

Chapterl: I ntrodu

11
1.2
1.3
1.4

Chapter2: Literature Reviewééeéeéeéeeeé

2.1

2.2

2.3
2.4

2.5

st of Tabl es
st of Figures

st Abbreviations and Symbol s.

7 s 7

N
[0} ™
- > > D
> o> M D> D D
> O @B D D D
> O o D D D
> > o D> D D
> > ;. D D D
> > ;. D D D
> D> B D D D
> D> B D D D
> D> B D D D
> D> B D D D
> D> B, D> D D
> > @ D> D D
> > @ D> D D
> > @ D> D D
> > @ D> D D
> > @ D> D D
> > @ D> D D
> > @ D> D D
> o> > @© O D O
> o> > @ D D D
> o> > @ D D D
> o> > @© O D O
> > D > o O
> > D > o O
> > D > o> D
> > D > o O
> > O < O O D
> o> o - @
> > D o
> > D -

(@]

~—+
o

>

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Moti vati o

[N
[N
.
< o
®© o
n O
[N
[N
[N
[N
[N
[N
[N
[N
[N
[N
[N
[N
[N
[ON
[N
[N
[N
[N
[N
[N
[N
[N
[N

D
D
D
D

Research

o T M
)
o
—

o o

> o

n o
[N
[N
[N
[N
[N
[N
[N
[N
[N
[N
[N
[N

=]
—
—
(o)
c
—

7

eeéeeéeeéececéece

[P}
[P}
[P}
[P}
[P}
[P}
[P}
[P}

D o

D o

o> o -

D o

D o
(]

(]

wWw o o
(]

(]
(]
(]

n
0
Research ¢
e

D

ée

-
-
-
-

Thesisorganizatiog

sz

D
D
D
D
D
D
D
D
D
D
D
D

Stainless steelsomposition, microstructure and properéies € é € .

211 The 300 series austenitic stainless ste
2.1.2 AISI 321 austenitic stainlessstee and appl i cati onsééeeéeé

Martensitic phase transformation in s
2.2.1 Thermallyinducedp hase transformation. ééééeééeécéeécé

2.2.2 Mechanicallyinducedo hase transformation. .. ééééécée
Deformatim t wi nning in stainless steelséééeeéécécé
Mechani cal behaviour ®édcadséehedéeec?dt ainle
2.4.1 Under quasbtaticconditore € ¢ é éééeéeceeceeééé. eeeee2?2

242 Under dynami cé écéoénédéiétéi EoEné ééééé é é é €é23

Dynamicfaik ur e mode i n metal séééééééeeéeéecé €Eeéeééé
251 I nitiation and propagation mechani sms of

Vi



252 Types of
253 Dynamic Re

26 Dynamic fract

7z

27 Summaryéééééé

Chapter3: Mat eri al s

3.1 Mat eri al séééé

ASB

cover
ur e

é

[N
[N
[N

é

and

eeeeceé

3.2  Solution heatreatmentandcryo o | | i

33 Mechani
331 Hardness
3.32 Quasist at i c
333 Dynami c i

34 EI

35 Mi

c al t e

ectrochemic

crostructur

st éeéeé

and

y

é

t hei

and

me c h

éee

met h

test ééééeé

ani

é

]

é

pr

é

é

é

d

é

é

é

é

o

é

oceduresééécéeé.

é

é

Compression

mp act

.
dynaéné €

sm

é

é

é

é

rr rr 27

tecdeaed& . .

a l cCorrosi

a l eval

351 Met al |l ographic

3511Mec hani
35.12El ectr o
352 Opti cal

c al

l ytic

uat

o

sampl e

gri

ndi

n

n

o

g

é

é

mi

é

0gy

é

é

D

n

P

pol i shi

mi croscopyéécécéé

é

é

n

é

é

é

crostructur al
ryetall |

n

é

s

e

é

[N

é

é

o]

é

e

é

é

é

D

é .

é é
mp

é

é

é

D

[N

é

é

([N ([N

—

[N

é

é

ee
ac

[N

é

é

o o

D~

D

é

t

7

e

é

é

sz

e

é

D

D~

d

f

met

€30

D

é

3.5.3 Scanning electron microscopy (SEM), Energy dispersive spectroscopy (EDS),

and electron backscattered diffractometry (EBSD)..........
( XRD)
Mi

354 Xr ay

355 Transmi ssi

Chapter 4:

on EI

di ffractometry

ectron

microstructural evolution in AlSI 321 stainless steelrud e r

Abstracte.

4.1 Introductioré é € é € é é é

42 Materi al

43 Resul
431 Dynami ¢ me

432 Quasist ati c

and

t sé.

D~
D~
D~
D~
M-

-
-
-
-
-

met ho

e

chani

o M o

D

c

é

([N

é

o M-

D
D

O (‘D\ ('D\

« D

D

D

< o

M- ([N

D~

and

Fer

croscopy

dynami c

é

M-

é

([N

M- ([N

M-

D

M-

é

é

eee

([N

([N

7

e

eeée

or é é

Mechanical behavior and highresolution EBSD investigation of the

M- ([N

M-

7

e

é

M- ([N

M-

é

e

M- ([N

M-

(N

s L 2L L L L L L L L L LT L

o> DO DO O

(N

t sco

D

(0N (o] D~ ('D\

([N

o D> DO D D

D

o D> DO D D

D

( TEM)

o.44 i

([N

D (0N

(N

o D [N
EE N

(N

ng

(N D~

D

compr essi oneéeé ebécéectebéeeee e éé6 0

vii

o> DO O1

D

o D> DO D D

D

D

CC

D

(N D~

D

D (0N

D



s s sz

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

44 Discussion. . eééééééeéecéee
441 Mechani cal Responseéééééééeceeceeeéééeece
442 Mi crostructur al Eval uationéééééééeééeéeéeéeé
443 Texture Evolutionééééééééeéeéeéeeéeéeeééeeceeéeeé

45 Conclusionsé. .. éééeécééééééececcéeéééeeeeecceccectd

Chapter 5:  Development of ultrafine-grained structure in AISI 321 austenitic stainless

Steel ééééééé. .. éééécéécéeécéeééeceecceeeeeecerseece

Abstracté. ... ... éééééééééeeeeeeeeeeeceeeeeeeece.

51 Introductiore é é éééééééééeéééeéeéééeeecee eeeéeeée 7 4

52 Material and methodol ogyé eéééeééeeééeeéeée
521 Mat eri al éééééééécééécéeceeceeeeeeeceeeceeé 7
522 Cryor ol l ing process and annealing treat me
523 Mat eri al characteri zatéeépéééeéeéééesece

53 Results and discussionééééeéééceécééeéeéeeceeeeee. é&
5.3.1 As-receivedandcryp ol | ed sampl eséééééeéééecéeééecééeeé

532 Annealing at 923 K, 973 K, 1023 K and 1C
533 Rol e of Ti C and unrever s eédé éntaérétée.n.s.iS%8 é é ¢

s 7z oz sz

534 Reversion Mechanismséééeééeéecéecéeceéeeéeéetéd
535 Esti mation of Activation energy and r at e
5.3.6 Preferred annealing temperature and time for the development of UFG

sz 7

structureééééééeéeéeéeceeé éééééeeé.........106.

o o
3 (D\
w (D\

é
54 Summary and concl usi €. .. ......€eéeeéeéeé

Chapter6: Pseudet ext ur e memory in Al SI 321..auldG eni ti

Abstracté.......éééééééééceeeeeeeeecéeé eéeéeeéeee
61 I ntroductionééééééééeécécéééécéeeceeeeeecéeé eéeéeé
6.2 Materi al and met hodsé. é Eééeéeéeéeeeeeeeecee
63 Results and discussionééeéeéééééeeceececeéeéeéeéee. e

6.4 Conclusi onsé.

Chapter 7.  Characterization of coarse and ultrafinegrained austenitic stainless steel

viii



subjected to dynamic i mpact | oad:..X.RD,.130EM, TE
Abstracteée. .. ... . éééeécécéecéeéeéeéeéeéeéeécécéec
71 I ntroductionééeééeceéééééééécéce eéeéel2l
72 Materials and methodol ogy. eééeeééeéeééeceé
73 Results and discussionéééééécceeceeeéeééee. e
731 Dynamic mechanical behaviour ééééééeéeeecece
7.3.2 Microstructural characterization of deformeéspi mens ééééééeééeée. 127
74 Conclusionsé.
Chapter 8: Effects of grain refinement on the quasstatic compressive behavior of
Al SI 321 austenitic stainless steel EBSD, TEN
Abstract é. eéeéeéeéeéeéeéeéceecceecéeeéeéeéced
81 Introductionééééeééeéécécécécééeeéeeéecée eééé
82 Materi al and met hods. €Eeééééééececeeceeée. éé
83 Results and discussionééeééeéeéeéeéecéeéece. é
8.3.1 Mechanicat esponse during compressionééécéeecécé:
832 Mi crostructur al evaluation after compre
833 VPSC modelingéééeécécéeééeéeéeéeécécéecéecel
84 Summary and conclusionseé. eéeée
Chapter 9:  Strain rate sensitivity and activation volume of AISI 321 stainless steel
under dynamic i mpact | oading:. égr. &iére.és..i.418 ef f ec
Abstracté. ... ... ééeééeeéeéeéecéecécéeceéeceeceecéeéeéetd
91 Introductionéééeéeéeéeéeéecéeceéceceeéeée eéeéé
92 Materials and methodol ogy. eEeéééééeeeeee.
93 Results and discussionééeéeéeéeééééeceeceeeeée. é&
931 Mi crostructural evalwuation before defor
9.3.2 Dynamic mechanical behavior, martensitic phasesformation and hardness..191
9.3.3 Straintr at e sensitivity and activation volun
934 Macrotexture evaluationéééééééééééeeeecéeeé
935 Formati on of adiabatic shear bandéééé {
94 Conclusionééééé.....66éé6é..666. .6e6e6e6ee66ee6e66820°¢

iX



Chapter 10: Thermal and mechanical stability of austenite in metastable austenitic

77 17 174 £

e eeeae. 210

s 7z z 7

stainless steel éééeéeée
Abstract é eeeéeé
101 I ntroductionéeéeéeééé
10.2 Materials and met ho
103 Resul ts and discuss

10311 ni ti al mi crostr

1032Ther mal stabil it
10.3.3Mechani c al stabi

104 Summary and concl us

Chapter 11: Corrosion behavior of metastable AISI 321 austenitic stainless steel: the

7

e

o MO O
(@] o %2 M

y
I

7

e

[N

o

é

é

D

n

é

é

D

- c O

é

é

D

[N

o 9 @d® O

S .

D~ D~ [ON

([N

7

e.

[0} M- D D~
(7] (O O

-+ c O

Y4

o> D o
o> D o
o> D o

D
D~

é

é

M- D~

([N

2 €

M- D~
M- D~

([N
([N

éee

ee

tehé ded.

austeni

D~

effectof grain size and prior plastic deformation on its degradation pattern in saline

m\ ('D\

[N

('D\ m\ ('D\

(9] [N

or

M-

('D\ m\ ('D\
N ('D\ m\ ('D\
('D\ m\ ('D\

CD\
<

> D =
> o Q
(D\ wn

()]
T D

D Q
>
o
Py

D

[N

D

(O

é

medi @aééééééeéeéeéece.é...eeée. eceeé
Abstracté. .. .. ..éééééeéée. é
111 I ntroductionéééééééeécécéceéeé
11.2 Materi al and met hods. é
11.3 Results and discussionéé
11.3.1 Mechanical (dynamic and quasit at i c )
11.3.2 Microstructural evaluaton bef or e ¢
1133Corrosion tests resul
11.34Sur face morphol ogyééée
11.3.5 Proposed pitting mechanisms &iainlesss t e e |
114 Concl usi.ons.......é.........
Chapter 122 Summary, Concl usi ons
121 Summaryééééééceééecéeéeeécéeé
122 Conclusionsééééeéeééceéeéeéeéeeé
12.3 Recommendationsfédfrut ur e wor ké é é é
Referenceg é ¢ 6 ¢ ééééééeééeééeéeceéeécecéeé

Appendix A (List of publications from this studlg .

o D
(N D~
(N D~

@D
(ON
D

é .

o D
o O

—_ D O (0N ([N
o o
—

D
[ON D~

(N D~

(ON

M-

[N

([N

D~

o
=]

D~

3 ®

M- D ([N D ([N
> ~ O o o > o

o
5 O

[0} (0N D D~

[N

('D\ (‘D‘ ('D\

[N

—+

M-

[N

comme

(N D~

(ON

M-

D O
D (O]

(ON
(ON

D~
D~

(N D~

(ON

CD\ (D\ ('D\

[N

M-

o

(N D~

(ON

o> D
(0N (¢ |l D~
D~ D~

D~
D~
D~

™ W o
N o
([N ([N

[N

2 €268

[N

([N

[N

M-

D~

D

[N

[N
[N

[N

D D (0N [N

D~

D

[N



Appendix B (Packing list and certified material teeports for ordered AISI 321 austenitic

Stainlessste ¢ e e éeéeéeééeééceééceéeceéeecéeeéeecé. . . 306

Appendix C (Copy Right Permissiopg é e é e éé ¢ éeéeéeéeéeéeé. .. 310

Xi



Table 2.1.

Table 2.2.

Table 3.1.

Table 5.1.

Table 6.1.

Table 7.1.

Table 7.2.

Table 7.3.

Table 8.1.

Table 8.2.

Table 9.1.

Table 9.2.

Table 11.1

List of Tables
Chemical composition of the AISI 321 austenitic stainless 6igeo) 12

Role of alloying elements in stainless steels 13
Mechanical data of AISI 321 austenitic stainless steel provided by sup 31

Variation of U-gnartensite and o-austenite grain size with annealini 85

temperature and time

The {hkl}<uvw> of all identified variants in the EBSD pole figures & 115
ODFs

Experimental data sheet from the dynamic impact test of AISI 321 125

specimens

Quantitative summary of the salient microstructural characteristic 149
MTSBs 1 and 2 formed in CG specimen (Fid.4)

Quantitative summary of the salient microstructural characteristic 149
bifurcated TSB formed in UFG specimen (FidL6)

A comparison table of observations from the CG and UFG speci 178

subjected to same deformation conditions

Voce hardening parameters wused 181

CG and UFG speci mens

Comparison table of observations from the dynamic impact respons 194

AISI 321 steel specimens
Values ofmand} * at each stages f&S| 321 steel specimens 197

Electrochemical parameters for AISI 321 steel with coarse,dimkeultra 252
fine grained structures under deformation at different strain rates as we
undeformed counterpart exposed to 3.5 wt.% NaCl solution at

temperature

Xii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig. 2.10.

2.1.

2.2.

2.4,

2.7.

2.9.

List of Figures

(@) FeCr and (b) FeNi equilibrium diagramsExploded view in (a) is ¢ 8
simplified illustration of the marked region for & alloys containing
0.1%C

(a) Per c-temite with eespect to Gr content in 0.1% Carbon st 9
solutiontreated at 1058 and (b)effect of Ni content otheMstemperature

% U-ferrite and hardness of 0.1% C 17% Cr steels

Schaeffler diagranmodified by (a)Schneider and (b) Klueh et al; (b) al 11
shows the original Schaeffler diagram superimposed on the dig
modified by Klueh et al..

Schematic diagrams of t he mechil8

formation of their respective band

Schematic diagram and TEM micrographs of deformed stainless 19
showing the relationship between grain size and mechanidef@imation

induced martensite

Shear stressominal shear strain plot for a typical wenkrdening material 22

Possible shedsand initiation mechanisms in singddase homogeneot 26
materials. (a) grahsize inhomogeneity, (b) geomneal softening, (c)
Peircé Asard Needleman textural localization and (d) dislocation-pjbe

release

Schematic diagrams of (a) dynamic recovery (successive disloc 28

annihilation mechanism) and (b) dynamic recrystallization mechanism:

Optical micrograph showing crack initiated and propagated alor 29
transformed shear band on the longitudinal section of an impacted AA
T451 specimen

Microstructural model for crack initiation and propagation inside TSB 29

Xiii



Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig. 4.1.

Fig.

Fig.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

3.8.

3.9.

4.2.

4.3.

Schematic drawing showingISI 321 austenitic stainless steel plate wh 32
rolling direction (RD) is parallel to the axis of the cylindrical compres:
test specimen. The exploded view is the optical micrographs shc
microstructural inhomogertg across sample thickness (i.e. banding atr

thickness)
Images of (apenchtop Muffle furnace and (b) STANAT rolling mill 33
Thelnstron R5500 mechanical testing machine 34

(a) Schematic and (b) images of the sHiitpkinson pressure bar system us 35

in this study
Electrochemical corrosion test agi 37

(a) Electrolytic polishing satip; EBSD phase maps of solution heat tre¢ 39
AISI 321 stainless steel sample that was (b) mechanicalig(c) electre

polished

(a) Nikon MA100 inverted metallographic optical microscope andSb) 40
6600 Hitachi Field Emission scanning electron microscope that is co
with EDS (Oxford XMax Silicon Drift) and EBSD (Oxford Instrumen
Nordlys Namm EBSD) detectors

X-ray diffractometer Br u k er D8 Discover di 42

radiation source

(a, b) Setup of FEFTalos F200X microscope coupled withSaiperX™ 43

EDS detector and (c) manual punching machine
Schematic of sample geometry 48

(a) SEM micrograph (bX-ray diffractogram (c) volume fraction of select 48
fiber (NDs) and (d) Local misorientation distribution in undeformed sarr

(a) True strestrue strain and (b) strairatestime curves of shock loade 50

top, mid and center specimens at a common impact momentum of 22 |
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Fig. 4.4. (a) Optical micrographs showing adiabatic shear band geometr 51
compression plane (b)-Ky diffractograms of the three set of specin

impacted at a common impact momentum of 22 kg m/s

Fig. 4.5. EBSD maps of top specimen showing the shear band and neighbor 52
region: (a) band contrast map, (b) phase map showingFalGtenite, BCC
h -martensite and TiC as red, blue and yellow respectively, (c) Inverse
figure map (IPFZ) of FCCo-austenite, (d) Inverse pole figure map ({BF
of BCC h -martensite, (e) kernel average misorientation map of BC

austenite (f) kernel average misoti&iion map of BCQ -martensite.

Fig. 4.6. EBSD maps for (@) mid and (ed) center specimens showing the shear t 53
and neighbor grains region: (a) Inverse pole figure map-ZP6f mid
specimen, (b) phase map of mid specimen showing &@stenite BCC
h -martensite and TiC as red, blue and yellow respectively, (c) Inverse
figure map (IPFZ) of center specimen and (d) phase map of center spec
showing FCO-austenite, BCE -martensite and TiC as red, blue and yell

respectively.

Fig. 47. HR-EBSD maps showing DRX grains inside the shear band region fc 55
specimen: Inverse pole figureaps(IPFZ) of (a) FCCo-austenite and (d
BCC h -martensite, Kernel average misorientatioraps of (b) FCC o-
austenite and (e) BCC-martensite, Recrystallization fractionapsof (c)
FCCo-austenite and (f) BCC-martensite and pole figures and ODFs of
FCCo-austenite and (h) BCC-martensite.

Fig. 4.8. HR-EBSD maps showing DRX grains inside the shear band region for ¢ 56
specimen: Inverse pole figure mapRF2Z) of (a) FCCo-austenite and (d
BCC h -martensite, Kernel average misorientation mapgb) FCC o-
austenite and (e) BCC-martensite, Recrystallization fraction maps of
FCCo-austenite and (f) BCC-martendie and Pole figures and ODFs of {
FCCo-austenite and (h) BCC-martensite
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Fig. 4.9.

Fig. 4.10.

Fig. 4.11.

Fig. 4.12.

Fig. 4.13.

Fig. 4.14.

EBSD maps analysis of neighbor grain 1 from the top specimen in Fig 57
showing (a) Band contrast map, ZFmapo-austenite phase, IPEmaph -
martensite Coincidence site lattice (CSL) among FCC variantS<601>
3 red), P h a s e o-austéniberand maagiensiehas ned ar
blue respectively. Pole figures and ODFs of (b) FeAistenite and (c) BC¢

h -martensite

EBSD maps analysiof neighbor grain 2 from the center specimen in 58
4.6¢ showing (a) Band contrast map, {Pfnap s-austenite phase, IPE
map " -martensite, Coincidence site lattice (CSL) among FCC var
60°<111> K3 red), Coi nci denc gariants
60°<111> E3 red)

EBSD phase maps of (a) undeformed, (b) impacted, (c) impacted and r 59

guenched center specimens and (el diffractograms of (b) and (c)

Macrotexture measurement away from ASB: (a) FCC and pa€figures 61
({100}, {110}, {111}) for top specimen and volume fraction of seleci
texture component in (b) undeformed specimens, (c¢) deformed J(C

austenitic phase and (d) deformed B&@&ustenitic phase

(a) Coplot of quasistatic anddynamic true stresgue strain curves and (I 62
Macro-texture IPFZ of deformed mid specimens: ID and CD are impact

compression directions parallel to the normal direction

EBSD maps of mid specimen subjected to gstatic compression sklwing 63
microstructure from the center of compression plane towards specimer
(a) band contrast map, (b) and (c) Inverse pole figure mapZ)Praps of
FCCo-austenite and BCC-martensite respectively (d) phase map shov
FCC o-austenite, BCC -matensite and TiC as red, blue and vyell
respectively, (e) and (f) kernel average misorientation map of BC

austenite and BCC-martensite respectively
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Fig. 4.15.

Fig. 4.16.

Fig. 5.1.

Fig. 5.2.

Fig. 5.3.

Fig. 5.4.

Fig. 5.5.

(a) HREBSD phase map of the mid specimen in the region indicated k 64

white rectangt in Fig. 4.14a and (b) -¥ay diffractograms of undeforme

and deformed mid specimens

EBSD maps analysis of grain 3 in Fig. 4.14a showing (a) Band contras 65

IPFZ map o-austenite phase, IPE maph -martensite, Coincidence si
lattice CSL) among FCC variants 501 11> FE3 red) ,
lattice (CSL) among BCC variants 801 11> FE3 red) .
ODFs of (b) FCO-austenite and (c) BCC-martensite

X-ray diffraction patternsof the asreceived sample andryo-rolled 79

specimens reduced by 20% and 50% of its original thickness. Inset
associated EBSD inverse pole figure {BfFcolour maps of both the FC(
austenitic phase of the -asceived and the BG@artensitic phase of th

cryo-rolled specimens

Selected ODF2 sections from the XRD measurement of the (a) auste 81

phase in aseceived specimen and martensitic phase in (b) r = 20% anc
=50% cryerolled specimen (d) ideal texture components observed in s

r is the percentagaitkness reduction

X-ray diffraction patternshowing the pattern of phase transformation a 82

annealing temperature of (a) 923 K (650, (b) 973 K (703 ), (c) 1023 K
(7503 ) and (d) 1073 K (808 ). Enlargement in (a) and (b) shows mc

clearly the TiC peaks in selected annealing times

(&) Volume fraction of reversed austenite and (b) corresponding har 83

profile during reversion

HR-EBSD maps of specimen annealed at 923 K &G%»@or 180s: (a) phas 87

color map. IPF color maps of (B)C C -mdrtensitend (c)F C Gaustenite,
(d) 0o, 450, 65ct2 ODF sections of th& C C -midrtensiteand F C C-
austeniteSuperimposedil11} and {110} pole figures for (e) all grains ar

(f) selectedJ-a grains
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.10.

5.11.

HR-EBSD maps of specimen annealed at 923 K G%@or (ad) 300s anc 88
(e-h) 28800s: (a, e) phase color maps, (b, f) IPF color mas ©IC -
martensite,(c, g) IPF color maps oF C C-austenite,(d) superimpose(
{111} and {110} pdle figures for all grains and selectgeq grains in 300s
annealed specimen, (h) unstratified and superimpidddd and {110} pole

figures for all grains and selectéida grains in 28800sinnealed specimen

HR-EBSD maps of specimen anneas®73 K (7038 ) for 900s: (a) phas 91
color map. IPF color maps of (B)C C -midrtensiteind (c)F C G-austenite,

(d) 0°, 45, 65 £2 ODF sections of th& C C -mdrtensiteand F C C-
austeniteSuperimposedil11} and {110} pole figures for (e) all grains dr

(f) selectedJ-a grains

HR-EBSD maps of specimen annealed at 1023 K §7pbfbr 180s: (a) phas 92
color map, IPF color maps of (B)C C -midrtensiteind (c)F C G-austenite,

(d) 0°, 45, 65> £2 ODF sections of th® C C -midrtensiteand FCC o-
austeniteSuperimposedil11} and {110} pole figures for (e) all grains ar

(f) selectedJ-a grains

HR-EBSD maps of specimen annealed at 1023 K §7b6or (ard) 600s anc 93
(e-h) 900s: (a, e) phase color maps, (b, f) IPF color mapBGE U-a
martensite,(c, g) IPF color maps oF C C-austenite.Unstratified and
superimposed111} and {110} pole figures for all grains and selectgety
grains in specimens annealed for (d) 600s and (h) 900s

HR-EBSD maps of specimen annealed@i3 K (8003 ) for 60s: (a) phas' 96
color map, IPF color maps of (B)C C -midrtensiteind (c)F C G-austenite,

(d) 0°, 45, 65 &2 ODF sections of th& C C -midrtensiteand F C C-
austeniteSuperimposedil11} and {110} pole figures for (e) all grains ar

(f) selectedJ-a grains

HR-EBSD maps of specimen annealed at 1073 K &3D6or (ad) 180s anc 97
(e-h) 300s: (a, e) phase color maps, (b, f) IPF color mapB GfC -

martensite,(c, g) IPF color maps ofF C C-austenite. (d) Superimpost
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Fig. 5.12.

Fig. 5.13.

Fig. 5.14.

Fig. 5.15.

Fig. 5.16.

Fig. 5.17.

Fig. 5.18.

{111} and {110} pole figures for all grains in specimens annealed for 1
(h). Unstratified and superimposétil1l} and {110} pole figures for all

grains and selectdd-a grains in specimens annealed for 300s

0°, 45, 65° £ 2 ODF sections of thB C C -midrtensiteandF C C -austenite
phases obtained from the XRD measurement on the specimens anne
923 K (6503 )

0°, 45, 65° £2 ODF sections of thB C C -midrtensiteandF C C-austenite
phases obtained from the XRD measurement on the specimens anne
973 K (7003 )

0°, 458, 65’ £2 ODF sections of thB C C -midrtensiteandF C C-austenite
phases obtained from the XRD measurenoenthespecimens annealed
1023 K (7®3)

0°, 45, 65° £ 2 ODF sections of thB C C -midrtensiteandF C C-austenite
phases obtained from the XRD measurenoenthespecimens annealed
1073 K (8003 )

Schematic of the stages of austenitic reversion: (a) onset of aus
reversion; nucleation of austenite grains within martensite lath bound
(b) austenite reversion and TiCs evolution in progress, (c) developm:
UFG structure with TiC and negible amount unreversed martensite
austenite triple junctions, (d) possible development of abnormal grain g
(AGG) within UFG structure at an extended period of time or
reversion/annealing temperature; dissolution of TiCs also occurred ¢
stage.Shape and size of grains and particles are exaggerated to sho

sequence of UFG development
o G YV Y-Temperature (K) curve for AISI 321 austenitic stainless steel

(@a pjog j plotforthe estimation of activation energy, (b) revers
rate as a function of temperature for AISI 321 ASS. Inset in (b) is

expanded plot of the reversion temperature range used in this study
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Fig. 6.1.

Fig. 6.2.

Fig. 6.3.

Fig. 6.4.

Fig. 6.5.

Fig. 7.1.

Fig. 7.2.

Fig. 7.3.

(a) EBSDIPF map of the aseceived samplebj IPF and (c) Schmid factc 113
maps of def or dndd] invargespole figurese of gelect
undeformed and deformed austenite grains. (e) EBi&i3e color, BCC an
FCC | PF colgamdmalnid}, agdf{)16); pole figures of
selected grais in (e), (g) revised sequence of stiaiduced martensitic

transformation

Volume fraction of reversed austenite and corresponding hardness | 114

during reversion

(a) Volume fraction of selected texture componentsy)(BBSD maps of 117
specimen annealed at 923 K (656 for (b-d) 180s and (g) 300s: (b and e
phase color maps, (c, d, f, g) IPF color md{40} and {111} pole figures
of specimens annealed at (h) 180s and (i) 300s. SuperimfiokEld and
{110}y pole figures of all grains in specimen annealed for (j) 180s an
300s, (I){111}, and {110}y gpole figures of selected grains in specin

annealed for 180s

EBSD maps of specimen cryolled and subsequently annealed at) 823 118
K (6503 ) for 28800s and &) 1023 K (7503 ) for 600s. (g) sequence
transformation/reversion, { schematic of the pseudexture memory

process adapted from Ref. [183]

Schematic of texture memory and stages of martensitic transformatic 119
austenitic reversion. Shape and size of grains and particles are exag

to show the sequence of UFG development

TEM bright field micrographs of undeformed (a) CG and (b) UFG sam 124
(c) ODF 4%-¢, sections from the XRD texture measurement of
undeformed samples. Insets in (a); al, a2 and a3, are the stacking fat

particle and EDS spectra of the TiC patrticle
Dynamic stresstrain curves of deformed CG and UFG specimens 126

Dynamic strain hardening curves of deformed CG and UFG specimen 127
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Fig.
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Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

7.4.

7.5.

7.6.

7.7,

7.8.

7.9.

7.10.

7.11.

7.12.

7.13.

7.14.

7.15.

7.16.

Optical micrographs showing the onset of ASB in deformed CG specir
Optical micrographs showing the onset of ASB in deformed UFG speci

X-ray diffraction patterns showing the trend of phase transformatic
deformed (a) CG and (b) UFG specimens

Strain rate, volume percent Bfeartensite and Vickers hardness at reg
outside the ASB as a function of firing pressuwe (&) CG and (b) UFC

specimens

Volumepercent okelected fibre texturef theo-austenite phasss a function

of firing pressure(a) CG and (b) UFG specimens
EBSD maps of CG specimens deformed at FP-d @0 and (éh) 80kPa

(ard) EBSD maps of the marked region in Fig9(ad). (e and f) are the
{111},,{0001}yand{110} g pole figures showing existirghoji-Nishiyama
KurdjumowSachsand Burges orientationr e | at i ons hi &8s,

0& Ua &n dJ a ,pebpaciivelgin regions (e) 1 and (f) 2 on Fig10a

EBSD maps of the marked region in FigQ(e-h)
EBSD maps of UFG specimens deformed at FP-e) @0 and ) 80 kPa

TEM bright field micrographs of (a and b) CG and (c) UFG specinr
deformed at 90 kPa. Inset in (a) is dense dislocatiorupilaround a TiC

particle

EBSD maps showing the development of multiple transformed shear
(MTSB) in CG specimen deformed aFR of 110 kPa

Angle of rotation of subgrain boundaries as a function of time for
different temperatures foril= 0 . 0 &nd éb)different grains size .
0.55Tm

EBSD maps showing bifurcation of transformed shear bandJkG

specimen deformed at a FP of 110 kPa
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Fig. 7.17. (a) SEM micrograph showing edge craatkld 2 TSB link and particle dreg 150
off region, (b) EBSD band contrast maps showing bifurcation of transfo

shear band at another region other than the mgmiesented in Fig..16

Fig. 8.1.  (a) ldeal texture components observed in steels. (b and c) EBSD IPF 158
maps, grain size distribution estimated from larger scan area
corresponding selected ORFE sections from the XRD measurement of -

undeformed samples

Fig. 8.2.  (a and c) True stregsue strain, (b) yield stresgain diameter curves, (¢ 160

strain hardening ratgue strain (hardening diagram)

Fig.8.3. EBSD mapsof (@) 37and (g 0. 2 4 ¢-sizedyspeximaens deforme 162
at 0.30 true strain. Phase color, KAM, IPF and BC maps are (a and e),
f), (b, g, h) and (c, i, j), respectively

Fig. 8.4. EBSD maps of marked region in F§3a: (a) Phase color, (b) IPF, (c) E 164
and (d)KAM maps

Fig.8.5. EBSDmapsof(®)37and@d ) O . 2 4sizedspegimeas daformed 165
0.37 true strain. Phase color, IPF and BC maps are (a and f), (b, c, g,

(d, e, i, j), respectively

Fig. 8.6. EBSD maps of the rectanguararked region in Fig8.5a: (a) Phase colo 166
(b) IPF and (c and d) Schmid factor maps; (e) BC and KAM maps of gt
in Fig. 8.6a

Fig. 8.7. EBSD maps of grains 10, 11 and 12 in Fig. 8.6a: (a and ¢) BC and 168
maps; (b) skected 0and 483¢2 ODF s ect i o nnsarteasfte in
grain 10; (d) Pole figures of {11@jand {111}y @f marked region in grain 1
(Fig. 8.6Db).

Fig. 8.8.  TEM bright field micrographs of (a and b) undeformed and)(deformed 169
specimenstad.47 true strain: (a and c¢) 0.24 and (lg)B7>m grainsized
specimens. TiC particle identified by STEM technique before (inset in

and after (g) deformation
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Fig.

8.9.

8.10

8.11.

8.12.

8.13.

8.14.

8.15.

8.16.

8.17.

8.18.

8.19.

8.20.

EBSD maps of (&) 37 and ) 0.24>m grainsized specimens deformed
0.53 true strain. Phase color, IPF and BC maps are (a and f), (b, c, g,

(d, e, i, j), respectively

EBSD maps of the rectanguararked region in Fig8.9a: (a) Phase colo
(b) IPF and (c and d) Schmid factor maps; (e) BC and KAM mégsains
11 and 12 in Fig8.10a

X-ray diffraction patt er nsiedapeciniers

(¢c) vol ume-martensite @yVickers hardiegs profile
0°,45,65¢2 ODF sect i o-austenitedin deformed EpEdtne

0° 45, 65 €2 ODF sect i on smartemsite tinhdefornie

specimens

| PF triangles showing cr ys t-austdnite
and (b)B C C -mdrtensite phases of the deformed specimens

Volume percent of selected texture fibres kt(q  F -@uSterote and ()
B C C -midrtensite phases of the deformed specimens

EBSD analysis of (a) grains 6 and 8 in BQe; (c) grain 13 in FigB.5f

Pole figures of {111} {0001}, and {110}y for selected region in (a) gral
4 of Fig.8.4b, (b) grain 9 of Fig8.6b and (d) grain 17 of Fig.10; (c) EBSD
maps of selected region in grain 17 of Fd.0

True stress vs. plastic strain curves, the experimental and VPSC sinr
curves for ultra fine grains (UFG) and coarse grains (CG). The deviati
experimental curves from simulated ones is related to the onset «

martensitic phasttansformation that occurs at different strain levels

Results of VPSC simulations showing the relative activity of slip

twinning during deformation in (a) CG and (b) UFG specimen

The simulated evolution of the twigolume fraction compared to tt

measured ones
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

8.21.

9.2.

9.3.

9.4.

9.5.

9.6.

9.7.

9.8.

9.10.

Si mullahFedt ri angles showing <c¢crys 184

austenite phase of the deformed specimens

(a-c) EBSD band contrast maps andf{d’EM bright field micrographs o 192
undeformed (a, d) G1, (b, e) G2, and (c, f) G3 samples. Black and rec
in the EBSD maps are high angle grain boundaries and twin bounc

respectively.

Typical (a-c) true stress$rue strain and () corresponding strain hardenir 193
rate curves of deformed G1, G2 and G3 specimens

X-ray diffraction patterns for (a) G1, (b) G2 and (c) G3 specimens){c 195
martensite vol%rue strain rate and (e) Viclehardnessrue strain rate

plots
A plot of log of true stress vs log of true strain rdéteatr = 0.1. 197

EBSD maps of (@ G1, (gl) G2 and (mq) G3 specimens deformed at 200
firing pressuref 60 kPa: (f) and (q) are the pole figures of selected grai

(b) and (n), respectively

TEM bright field micrographs of (a) G1 and-{pG3 specimens deforme 201
using a firing pressuref 90 kPa. Inset in (e) is dislocation pue around &
TiC particle

EBSD maps of (@) G1, (fk) G2 and (p) G3 specimens deformed at a 202
of 100 kPa: (e) and (p) are the pole figures of selected grains in (a) an
respectively

Schematic representation of Fig. 9.4 and the activated deformr 204

mechanisms at each stage

IPF triangles of both the-austenite ant)-martensite phases in the impaci 206
G1, G2 and G3 specimens

Optical micrographshowing the deformed shear band at 80 kPa and f 208
formed transformed shear band at 120 kPa in deformed (a) G1 and |

specimens
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10.1.

10.2.

10.3.

10.4.

10.5.

10.6.

10.7.

10.8.

10.9.

Schematic drawing of the methodology:drdevelopment of UFG and F 214
structures, (e) samples in liquid noigen to investigate TSA and (
compressed specimens under both gstic and dynamic shock loading
investigate MSA

TEM bright field micrographs of undeformed (a) UFG, (b) FG, arg) €G 215
samples. (f) is the EDS spectra of the p&iticle in (e)

Selected ODE 2 sections from the XRD measurement of the undefori 216
UFG, FG, and CG samples

EBSD maps (&) before thermal treatment andffduccessive increment « 217
time in liquid nitrogen: (d) 20 minutes) 1hr 20mins and (f) 13 hrs 20mir
Sketch of kinetics of (g) athermal and (h) isothermal martensite format

Before thermal treatment: EBSD band contrast maps of (a) UFG, (b) F( 219
(c) CG specimens. al, bl and cl are the correspohdihgmagnification
of scanned area. (d) is the EDS maps confirming the presence ¢
particles (d1, d2 and d3 are the corresponding EDS color maps for Ti,

C, respectively).

Before thermal treatment: EBSD IPF, phase, BC/twin and KAM may 220
selected grains in Figs. 5 al, bl and cl. Grains 1, 2 and 3 are RD|
RD||[110] and RD||[106briented grains, respectively.

SEM micrographs of the same regioncfjabefore and (d) after thermal 221
treatment. White arrows indicating some regions of thermiatlyced

martensite

After thermal treatment: EBSD IPF, phase, BC/twin and KAM map 222
selected grains in Figs. 5 al, bl and cl. Grains 1, 2 and BD4jjd11],
RD||[110] and RD]||[106briented grains, respectively.

Other regions in @) FG and (eh) CG specimens showing IPF and ph 223
maps before and after thermal treatment; (i) contours in the sta
stereographic IPF triangle shawithe crystal orientation of austenite gra
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10.10

10.11

10.12

10.13.

10.14.

10.15

10.16.

that developed martensite; (j) band contrast/twin and (k) KAM n

showing arrowed TiN particle site

(a) Schematic drawing showing t 225
temperature and carbon concentration iANF& alloy systems, reprinte:
from ref [300], (b) phase and (c) BC/twin maps of RD||[100] orier
austenite grain in Fig. 10.8, (d)-ptot of <p0 1 > 2 pp&>U &nd<p p>x2

&<m@>U' pole figures of rectangit

Typical true stresstrain and (c, d) hardnegsie straircurves for specimen 227
compressed under quasatic and dynamic loadingonditions. Standar:

deviations for (c) and (d) are 15 and 9, respectively.

Vol . %-truefstraitturves for specimens compressed under (a) €I 228
static and (b) dynamic loading conditions. Standard deviations for (a) a

are 0.93 an@.22, respectively.

(ard) TEM micrographs: (a) UFG and-f) CG specimens; {8) EBSD 230
phase maps: (e, f) UFG and (g, h) CG specimens compressed undel
static conditions; and -{) Higher magnification EBSD maps of mark
region in (h) (i) phase color, (j) FCC IPF color, and (k) FCC Schmid fa

maps.

TEM micrographs of dynamitnpacted specimens: (a) Fibbed specin 231
showing inside and outside regions of ASB-djboutside ASB, (e) insids
ASB, (f) selected arediffraction pattern for (e). Inset in (d) shows carbi

dislocations interaction

EBSD phase maps of dynamic impacted specimens showing insid 232

outside ASB regions: {a) UFG and (d, e) CG specimens

Schematic drawing shamg the role of grain size on (a) thermal and (b« 233

¢) mechanical stability of austenite in AISI 321 stainless steel
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11.1.

11.2.

11.3.

11.4.

11.5.

11.6.

11.7.

11.8.

11.9.

11.10.

11.11.

(a-c) Grain size distribution estimated from large scan are@ EBSD band 239
contrast maps with twins and-(gTEM micrographs of the undeforme

specimensRed lines in EBSD maps are annealing twins

SEM micrographs of (a) CG and (b) UFG undeformed specimens. EDS 240
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Chapter 1

Introduction

This chaptefocuses orthe motivation behind this study.dtsodocumentshe existing problem with
thestructuraluse of AISI 321 austenitic stainless steel and the need to addidssresearch questions
to answer, the overall and specific objectives of this study asempied An overview of the content

of this thesiss also presented

1.1 Motivation

Over the years, many countries have experienced some major nuclear/chemical plant explosions.
Examples of such explosions in Canada inclingeboiler explosion at the Cli€entral Heating

and Cooling Plant in Ottawa in 2009 and teptune Technologies and Bio Resources factory
explosion (Sherbrooke, Quebec) in 2012. Canad
with nuclear power as one of her sources of enérggenergy industries in Canada and the rest

of the world, therefore, require higrerformance materials to generate, transport and store energy.
Metastable AISI 321 austenitic stainless siseh choice material in thenergy,automotive,
aerospaceand chenical processindustries where it can be subjected txtreme service
conditions.The extremeconditionsinclude highlycorrosive environmenthigh temperature and

cryogenic environment@nd environments where engineeringterialsare exposed to exteah

loading conditionsthigh and low straifrate regimes.

Since the austenite phaseAiS| 321 steelis metastable, it cabe affected by extremgervice
conditions. For instance, in a cryogenic environm#rgrmally induced)-martensite may form
from the austenitic phase. Under external load, deformatduced martensitic phase
transformation could also occuratstrain level greater thancritical strainThe stability of the
austenite phase in deformed AISI 321 wdl dhifferent under quasitatic compression (low strain
rate) and dynamic impact loading (high strain rate) conditiemthermorethe selection of AlSI
321 steel for application is corrosiainiven with less attentiopaidto improvement ofts inherent
low yield strength and poor tribological properties. To this end, it will be of interestestigate

the prospect of improvings yield strength by grain refinement.



Theconditionunder whichmetastable austenite phase in AISI 321 stainless steel becmstable
(e.g.throughphase transformatiomg not well understoad he questiorf how this willaffect the
establishe@xcellent corrosion resistance of the alh@eds tde addressed. Besglgeformation

induced martensitic phase transformationatdther strengthening mechanisms oedouenAlSI

321 steels subjected to mechnnical laag? What is the role of strain, strain rate, crystallographic
texture,and grain size on the stability of the austenite phasglgnelxtension, thenechanical,
andcorrosionbehaviorof the AlSI 321 steel?These are some of the research questions that are
addressed in this PhDwoski nce, to the best of the author 6
been done to answer these questions for AlSI 321 Steemicrostructural and mechanical data
generated from this studyan be usetbr future alloy developmento enhancéailure resistance

under differenserviceconditions.

1.2 Research objectives

The overall goal of this research is to expand the struappication of AISI 321 stainless steel
through grain refinement to UFG structure to areas where low yield strength hinders its application.

To realize this goal, the following specific objectives were pursued,;

l. Determine the dynamic mechanical behaviat gaxture evolution across the thickness

of asreceived hotolled AlISI 321 steel

Il. Develop ultrafinegrained (UFG) structure in AISI 321 stainless steel via cryogenic

rolling and annealing and characterize the refined alloy

[l Determine the effect of graisize on the mechanical response of AISI 321 stainless

steel over avide range of strain rates.

V. Determine the effeatf grain sizeand prior deformatioln the corrosiotehaviorof

AISI| 321 steel irsalineenvironment
1.3 Research contributions

The combined improvement of the yield strength and corrosion resistance of AISI 321 stainless
steel by grain refinement was accomplishd@dhe optimumthermemechanicalprocessing

conditions for developing UFG structuoé ~0.31 um grain sizevere determinedFor the first
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time, AISI 321 stainless steelvas determined to be a texture memory allgth associated
mechanism proposedResults obtained in this study indicatet the operational deformation
mechanisms in AISI 32&teelunder mechanical loagre complex (i.e. Bp andtwinning occur
concurrently alongsidedeformationinduced phase transformation)t is also established that
strain, strainrate, grainsize, and crystallographic texture influences which of ttheee
mechanisms dominat&he possibleco-existence omartensitic phastransformation paths with
and withoutan i nt er me d i ararensiehluisgelasticHi€dmatiois established
Five strengthening sources that contribute to strain hardening in the AISI 321 steehtfiedd
They are: grain boundary strengthening, deformatidonced martensite transformation,
deformation twinning acting as barrier to dislocation motehslocationdislocationinteractions

and dislocation interaction with titanium carbid&his wak also revealedhat the evolution of
both thermdy- and deformationnduced martensite is orientatiolependent in botfine- and
coarsegrained specimens while the austenite phase in UFG specimens is highly stable in
cryogenic environmentThe thermaland mechanical instability of the austenite phase was
observed to be highest in the RD/CD||[t00pnted grains(RD and CD are rolling and
compression directions, respectivelypllowed by grains oriented near RD/CD||[110] and
RD/CD]||[111], in that ordeln conclusion the resulthave demostratetthat the strength of AISI
321 steel can be significantly improved without compromising the excellent corrosion resistance
of this alloy The list of publications that reports all the research contribufrons this study is
presented in APPENDIX A

1.4  Thesis organization

The thesis contains twelve chapters. Chapter 1 contains the overview, motivation, and objectives
of the research while the review of literature is presented in Chapter 2. Chapter 3 dbetains
details of the material and methodology used in this study. The experimentalfresulsrious

aspedc of this study havéeenpublished in reputable peer review journdleeyare presented in
Chapter 4 (Objectivel}} Chapters 5 and 6 (Objecti¥#l), Chapters 7, 8, 9 and 10 (Objective #llII)

and Chapter 11 (Objective #IV).

In Chapter4, the dynamicmechanical behavior and higasolution EBSD investigation of the
microstructural evolution in deformed AISI 321 stainless presented’he emphasiss on the

variation in thedynamicimpact response of the-asceived steel acrodise thicknessof the steel
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platein comparison with the mechanical response under gti@t$t lading condition. This work

has beerpublishedin Materials Science &ngineering Aln Chapter 5the optimum thermo
mechanical process conditions required to develop UFG structure in AISI 82hi#ia stainless
steelis presented T hnartetite ta-austenite reversion behavior and the associated texture
developmentare discussed.The content of this chaptevas published inMetallurgical and
Materials Transactions An Chapter 6the observetexture memory effecdh this alloy is reported

and the mechanism fas occurrence is proposed. To the best of my knowlettge is the first
time that this effect is being reported for AISI 321 st@@&lis work was published in thdOP
ConferenceéSeriesMaterials Science and Engineering (ICOTOM 2017).

I n Chapter 7, the dynamic i mpacigraespdng®ds 24f
AISI 321 austenitic stainless stegk presented arttiscussedThe dynamic failure, along with

the underlying deformation and strengthening mechanisms in both coarse and gdtafied
specimensis exploredThe content of this chapteraspublished irthe Materialia journal.Based

on the findings in Chapter 7, it became necessary to study the behaivtbersteeunder low

strain rate condition. This is because the resnlChapter 7cannot begeneralize for all strain

rate regimes. Hence, the effects of grain refinement on the behavior of AISI 321 steel when
compressed in the low strain rate regiwes investigated, the results of which presentedn
Chapter 8. FC@ustenite to BC@nartensite transfornian paths in the investigated AISI 321
austenitic stainless steel are also discusHeid work waspublished inthe International Journal

of Plasticity.

In Chapter 9the effect of grain size on the strain rate sensitivity and activation volume of
metasable AISI 321 austenitic stainless steel at high strain rate regime is discClissaxbntent

of this chaptehas beerpublished in theMaterials Characterizatiogjournal In Chapter 10the

roles of grain size, texture, strain and strain rate on the thermal and mechanical stability of austenite
in AISI 321 metastable austenitic stainless steel is discu$bede findings could open a new
windowfor engineering the initial texture of metad&ahustenitic stainless steel to eiteeppress

or promote both isothermal and deformatinduced martensitic phase transformation. Tosk
waspublishedin the Metallurgical and Materials Transactions jaurnal The role of grain size

and prior deforration (and deformation rate) on the corrosion behavior of AISI 321 austenitic

stainless steel iB.5 wt.%NaCl solutionis discussed in Chapter .IThis work waspublishedin
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the Scientific Reporfournal. Finally, highlights of research findings and thejor conclusions
drawn from this research womkre presented in Chapter.1Phis chapter also includes some

recommendations for future work.



Chapter 2
Literature Review

A comprehensive review of previoggidieson stainless steslnd their applications provided
in this chapterThe pausible conditions thatanresult in the instability othe austenite phase
austenitic stainless steel drighlighted.Previous works on plastic deformation of stainless steel at

differentstrain rates and the associated failure mechanisms are also reviewed

2.1  Stainless steetscomposition, microstructure and properties

Generally, stainless steels are corrosion regigtan-basedalloys with a minimum of 12wt.%
chromium (Cr)content In terms of composition, microstructure and mechanical propettiep

are the most complexmong all steel typgd]. Stainless steglresistcorrosion by the formation

of a thin passive film of GOs; the corrosionresistance increases with Cr cont@&jt They find
applications in chemical, pharmaceutical, oil industries [8fc.Alloying elements in stainless
steels can be divided into two joagroups. The first group promotes the formation of austenite
(calledaustenite formgrduring hot rolling or solution treatmeat elevatedemperatures while

t he second pr omo tferde (dalledferrife dormaljp While @r, the fprinaipla
all oyi ng el efemafarmajponabhigl tengeratures, Fe can accommodate about 13
wt.% Cr at a temperature of abdli503 and still remains completely austenite. An increase of
Cr from ~12 to 1#t.% could stimulate a progressive chafige om an austeniti c
ferrite at elevated temperatsith the ferrite remainin@s the stable phasa cooling to room
temperaturgl]. This can be observed in the-Ee equilibrium diagram (Fig. 2.1a) that is also
characterized by the presencebafth sigmaphase at about 5@t.% Cr and the constrained
austenie phase fields (called gamrwop). As Cr content increasdeyond 13wt.%, duplex
austenite and ferrite phase field evaatthe expense of a singhbase austenite at 10%0. It is
necessary to mention that while FCC austenitic structure withinaimngloop transforms to
martensite on cooling to ambient temperature, fefoiteed at elevated temperature undergoes
no phase change on cooling. Stainless steel becomes cdynfadatéc when the Cr is increased
abovel8 wt.% for carbon contenof abou 0.1 wt.% C [1]. Low volume fractionof ferrite is
considered benefi@ under certain conditions such as in weldhile highvolume fractioncan
promote cracking and decrease corrosion resistgfjce’he nomenature U-ferrite is used to

di fferentiate the high t eferrieea teatsiormed pBdhd frome r r i t
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austenite). Sigma phase is a hard larittle intermetallic compouwhproduced in alloys containing
less than 5vt.% Cr. Formation ofthe sigma phase retards corrosion resistad&esuch, the
temperature range (about 782(°C) that promotes its formation in & alloys should be

avoided inservice

Nickel is astrong asteniteformer thatis usually added to steel to preserve austenite in the
presence ohigh ferriteforming Cr conten{5]. Its addition to the F&r alloy helps negate the
redriction imposed by Cr content on the formation of austenite. Figure 2.1b shows an expanded
austenite phase in i equilibrium phase diagram. Therefore, in a high Cr steel with substantial
ferritic microstructure, it ipossibleto reverse the processdare-establish an austenitic structure

by the addition of a large amount of Ni. Steels containingviit¥% Crand 0.1wt.% C have a
microstructurecomprisingé 5 %fertite and 35%austeniteat a solution treatment temperature
(Fig. 2.2a). At 1050C, stainless steels become fully austenitic with the additionvatf% Ni as

shown in Fig. 2.2b where thercentage afi-ferrite is near zero.

Ni addition depressdds-Mr transformation rangddowever, Ni content abovewt.% depresses

the Ms temperature @low room temperature. Therefothe addition oflargeramount of Ni will

result in adrop in hardness owing to an incomplete transformation to martensidange amount

of retained austenite (Fig. 2.2b). This implies that aviL8 Cr 9wt.% Ni will be fully austenitic

at 1050C but with a depresséds-Mr temperature range to salero temperaturedhis is due to
thehigh Ni addition andhfluence of other alloying elements. Hence, this steel retains its austenitic
structure when cooled to roommperatur@ndhasa low strength but high formability.

Ot h darriteiorming elements include silicon (Si), molybdenum (Mo) and titanium (Ti) at high
temperature whereas carbon (C), nitrogen (N), manganese (Mn) and copper (Cu) promotes
austenite formatin. Both ferrite and austenitéorming elements will lowethe Ms-Mt temperature

range, thereby influencing the evolved microstructure on cooling to room temperature. Therefore,

the composition of stainless steel is governefiLpy

a. the balance between ferrtand austenitéorming elements that eventually controls the

structure of a hot rolled and solution treated stainless steels,



b. the overall content of alloying elements which controlsNéM: temperature range and

the eventual structure and properties at room temperature.
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Fig. 2.1 (a) FeCr and (b) FeNi equilibrium diagrams. Exploded view in (a) is a simplified
illustration of the marked region for er alloys containing 0.1% (1].

For the various classes$ stainless steels, there exists a compromise between corrosion resistance

and other propertiesuch asnechanical strength, formability efd]. For example, Abreet al.
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[6] observed that as the volume fraction of martensite increases, pitting and general corrosion

resistance decrease.
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Fig.22( a) P e r c-femté with respextfto Qi comein 0.1wt.% Carbon steels solutien
treated at 10568 and (b)effect of Ni content on the Ms temperaturei%errite and hardness of
0.1wt.% C 17wt.% Cr steelq1].

Depending on its chemistry, the microstructure of stainless steel constitutes mainly of ferrite,
austeniteand martensiteBased on these microsttuces, finless steels aassified agerritic,
austenitic, martensitiauplex or precipitation hardenin¢gPH) stainless steelg’-9]. While the
ferritic and matensitic stainless steels are ferromagnetic, austenitic stainless steels -are non
magnetid9]. The 200 seriesontainsCr, Ni and Mnas majoralloying elementsvhile the alloys
belonging to th&00 series contagmainly Cr and Niandareboth (200 and 300 seriegistenitic

[10,11]. The alloys in thet00 series that cannot be hardened by heat treatment are ferritic, the



hardenable 400 series type is marten$itild. Duplex steels mainlpelong to the2000 series.

Meanwhile, the PH stainless steels, which contains Cr, Ni and small amounts of various additions

of Cu, Co, Al, P, Ti, Mo andNb belongs to the 600 serig,13]. As useful as equilibrium phase

diagrams are, they are sometimes not sufficient to predict the dominant microstructure after
solidification[5]. To this end, Schaeffl¢t4] developed an empirical equation, termed chromium
equivalent and Nickel equivalent, that constitutes some of the ferrite and austenite formers listed
above. These are used to plot a constitution diagrdmlcad Schaef fl er6s di a
Shaeffl erds approach did not take into account
the prediction of microstructure as a function of composifnh5]. Schneidef16], however,

developed a modifie® c haef fl er 6s diagram (Fig. 2. 3a) us
equivalent (Egn. 2.2) that consideaswider range of compositions. The modification of
Schaef fl| eis@contimious gfordsmw grades oftanless steehrebeing developed.

For instance, Klueh et gl17] reportel t hat Shaef f | eestédblshedo peediat am t h
phases in FE€r-Ni-C stainless steetsould notpredict the phases in F&r-Mn-C stainless steels.

The authors observed that Nhaslower austenits t abi | i zi ng effect- again
ferrite than Ni(i.e. Ni is a stronger austenite former than Mr¢nce,they proposea modified

di agram that is superi mmposhevdnFg.R2.3d. he Schaeffl e

61QR 6 Q0 OadAE 0¢YQ pd®D € v LB A P U ® PRYQ
™ 0 2.1
0 @A 6 QL OAINR 66¢ mIE TWOIO6 ¢ U o1 €2.2

2.1.1 The 300 serieswstenitic stainless steel

The AISI 321 selected for investigation in this PhD work besgaghe 300 serie@-¢ Cri Ni) of
austenitic stainless steaidich have gooductility and excellent overall corrosion resistafitje
However, theypossesselatively low yield strength (250 to 350 MHAB] which limitstheir use

in structural applicationfl8]. Some examples of alloys this series are indicated in Fig. 2.3a.
Another major disadvantage sfainless stesbelonging to the800 seies istheir low hardness,
which leads to very poor tribological propertjds They have a faceentred cubic (fcc) structure
[19] with low stacking fault energy (SFE)0]. Austenitic stainless steels (ASS) are produmed
solidification by peritecticreaction[21]. One of the major problems of cast and welded ASSs is

hot cracking which isusually induced by severe microsegregation of trace elements such as
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phosphorus and sulfur when austenite dendrites form instead of femdatds.Regulating the

content and morphology of ferrites in austenitic stainless steels beagmeblen{21].
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Fig. 2.3 Schaeffler diagramrmodified by (a)Schneidefl] and (b) Klueh et a[17]; (b) also shows
the original Schaeffler diagram superimposed ordthgram modified by Kluehtal.
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2.1.2 AISI 321 austenitic stainless steel and applications

An agelong problem associated with ASSs is the frequent occurrence of sensitization.
Sensitization is a phenomenon in which intergranular corrosion occurs when ASSs are exposed to
heat at aemperature between 500 and 800[22]. It is caused by the depletiai Cr in the
vicinity of the grain boundaries due to the precipitation ofs@G¢[5,22] To circumvent this
problem, metallurgist proposed the use of carbon content bel@8vwit.% to suppress the
formation of Cg3Ce [23]. This led to the development oftipe austenitic stainless steels such as
AISI 304L and 316L typ€5]. The grain boundary engineering of austenitic stainles$tstinduce
6speci al 6 coi boundatiesnfc e 3 bgarld rdlEa& hasialsoebeen reported to

be an effectivevayto prevent sensitization and intergranular corrof2d. Another approach is

to add elements which have stronger affifarycarbon than Cr, i.e. the addition of carbide formers
such as Nb and Ti[52325pThisis also tolavoid thefesrmes gf €@ m
through preferential formation of nedetrimental NbC and TiC, respectivelgavingCr in the

solid solution at high temperatui26,27]. While the Nbrich stainless ste&d namedhe AISI 347

alloy, AISI 321 isthe Ttrich stainless steelThe chemical composition of AISI 321 austenitic
stainless steel is presented in Table 2.1 while tHeente of the alloying elemenis stainless

steelis presented in Table 2.2. Using the Eqgns. 2.1 and 2.2, the Cr and Ni equivalents for AISI 321
and some other ASS are estimated and indidatédy. 2.3a.AlSI 321 austenitic stainless steel

has excellentcorrosion resistancg8], and find application in components design faircraft
exhaust stacks and exhaust manifolds, pressure vessels, nuclear power and chemical reactors,
automobile exhaustystems, mufflers for engines, carburetors, expansion bellows, stack liners,
etc.[28,29]. Due to the presence of nitrogen in AISI 383S, TiN can form in this steel, which

has beerreported to act as psise film breakdown sites for pit initiation in an acyl chloride
environmen{30]. AISI 321 austenitic stainless steel is essentiallymagneticand can only be
hardened by cold workin@0,31].

Table 2.1 Chemical composition of the AISI 32iistenitic stainless steel (wt. %).

C Si Mn P S Cr Ni Cu Mo Co N Nb Ti Fe
0.044 0.40 156 0.04 0.001 1761 9.17 0.3 0.42 0.15 0.0117 0.008 0.36 Bal.
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Table 2.2Role of alloying elements stainless stee[82]
Element Description

It contributes to the strengthening of stainless steel. Content is deliberately
C obtain desired properties (such as prevention of sensitization) and mecl

characteristics.

Improves oxidation resistance. It also confers hardenability on stesl priesent ir

Si

small amount.

Prevents the formation of iron sulphide inclusions that cause hot cracking.
Mn promotes deoxidation of steel.

Promotes the corrosiemsistanceof stainless steels through the formation
cr adherent, passive filttat shields the steel from uniform and localized attack.

Promotes the corrosiamsistanceof stainless steels especially in sulphuric &
Ni environments and when passive layer is absent or damaged. It also imparts ¢

to stainless steel.

Improves resistance to pitting and crevice in chloride environments. It also dec
Mo thebreakdowrtendencies of previously formed passive films.

Increases the resistance to pitting or intergranular corrosion due to the evolu
\ CrN instead of GCe.

Prevents intergranular corrosion and contributes to strengthening due -
Nb precipitation of fine NbC.
- Used to stabilize stainless steel to promote the formation of TiC at the expe

Cr23Ce. It also forms TiN in the presence of Nitrogen.

2.2  Martensitic phase transformation in stainless steels

Most of the austenitic stainless steglincluding AISI 321, are metastabl€his means that
martensitic phase transformation could occur on exposamytmnditions that could result in the
instabilty of its austenite phase. Some of these stahiktteriorating conditions include exposure

to cryogenic environment and external load, either at low or high strain rates. This section,
therefore, focusedn the development of martensitic phase transition in austenitic stainless

steels that is thermaHlyr mechanicallyinduced.
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2.2.1 Thermally-induced phase transformation

Without an external load,lt e -mirtensite start temperatuddgf of AISI 300-series austenitic
stainless steels strongly depends on the alloy content. Among other empirical equations, Eqgn. 2.3

proposed by Eichelman and H{BB] is most widely used,
0 3 pomcg cPOi epP0™Q cobDE CUPYQpooex0 PO é2. 3

where compositions are in wt.ddsing Eqgn. 2.3, the estimatétk for AIS1 321is p v ®. This
suggest s t-daustenitetphase irFAIST 32b (and other austenitic stainless steels) will

t r ans f emartenstteowhdd @xposed toyogenic environment. Unlike pearlite or ferrite
formaton Ug evol ve due t o t hee withwitatorm diffusiannThis f t he
deformation induces a change in shape of the transformed region that now consists of a large shear
and a volume chand@4]. Austenite in metastable stainless steels can transform into two different
types of martensite; the hexagonal clpseked (HCPY)martensite and the bodyentered cubic

(BCC) Uignartensitg6]. Both martensitic phases tend to induce volume changasniparison

with the parent austenite. While the formatiorlefnartensite generates a volume expansion of
1-4 %, -mattemsiteUgenerates a volume contraction. Similarly, while (theartensite
nucleates from austenites through dislocation reactidrgigiacation pileups)[6], -mértensite

is formedat stacking fault$35]. Bet we & m d-matansitdJphases, the transformatidn

the latteris of substantial interest, as it increases the vharkiening capacity and affects the
ductility of the steel$19]. Apart from the chemical composition of the alloy, the occurrence of
sensitization in stainless steel prior to exposure to cryogenic environmagatiso influence the
amount of phase transformatifs]. This is because the formation 0£4@s carbide at the grain
boundaries results in the depletion of chromium, carbon, and other alloying elements in the grain
boundaryarea, whichin-turn, leads to a higheMs temperature. This makes the material more
susceptible to the formation &f-martensiteclose to grain boundaries during cooling than the
unsensitized alloy36]. Grain size can also affect the extent of phase transformation in stainless
steel as reported by Matsuoka et [8[7]. The authors observed that the volume fraction of
thermallyinduced martensite decreased with a decrease in grain sizel 16%€i 10%Ni

metastable stainless steel.
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Generally, martensitic transformation would occur athermally in steels, although an isothermal
transformation is also possible depending on the transformkitiatics [38,39]. In athermal
transformation, the amount of martensite formed depends only on temperature attidentbd
through isothermal transforation process function of both temperature and tifd®]. Although
isothermal transformation has no definlie temperature, it occurat an incubation time during
isothermal holding. It is well documented that thermal activation is not necessary for athermal
transformation testartand proceedd1]. This implies that only the thermodynamic driving force
(that must overcome the elastic enetlgat opposes martensite initiation at specific sites at and
below the Ms) obtained by lowering temperature is sufficient for athermal martensit
transformation. The Koistenen and MarburdéR] equatimm (Eqn. 2.4) that describes the
transformation progress beldvs also affirm that the extent of transformation is independent of

time.
P W Qonmrpp Y €2. 4

@ represents the volume fraction Gfmartensiteand Y represents the quenching temperature
that is belowd . The athermal character deduced from this expression (time independent) is a
result of very rapichucleation and growth of martensite that permits the time taken for growth
completionto be negligibleThe rate at which a martensite plate grows was determined to be 1100
ms?, a significant fraction of speed of sound in stf84,43]. Apart from he fact that the
composition of the product phase (martensite) is identical to that of the parent phase (austenite),
the aforementioned observation dsedssuppat to the general knowledgleat martensitic phase
transformation is diffusionless since tastest diffusion process occur at about 806 mgpure

Ni [34]. Based on the thermal activation model for the transformation kinetics, it has been
predicted that isothermal transformation will occur when athermal transformation is suppressed
[40,44]. However, the occurrenad both transformations in the same material has been reported
[45,46].

2.2.2 Mechanically-induced phase transformation

The metastable austenite phase in austenitic stainless &ektsoown to undergo partial
transformation to a martensitic microstructure during cold deformdtfi8/80]. This plastic

deformation provides the required energy to promote martensitic transformattbereby
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increasing the martensite formation temperatuMddq is the tenperature higher thavs, below
which martensite will evolve on application ah external load. The martensite produced via
plastic deformation is called deformatiorduced martensite (DIM) and the phenomenon is
termed transformatiemduced plasticity (TRIP)7]. The empirical equationyr Mgsosso(i.€. the

temperature iRC) at whi ch 50% of a-matensitadue te 30% impdsedt r a n s

true strain) is given by Nohara et @8] in Eqn. 2.5.

0Qy 3 VLPT OO PO B PYQUDPPOE pGPOTI quodoO
PO'Q p®bPOE o@uplw p& ¢cO Y €2.5

whereG is the ASTM grain size number of the investigated stédth an ASTM grain size
number of 6, e Mgzosofor AISI 321 steels p @ , a significant rise from th#s( p v ).

During deformationthe debate on whether the martensitic ansf or mati on f ol
austenitemaYr tBeOhG i U-eeu sotre nA G GamaoténsiHeC PY  Bn@aGensden
sequenceexists. Processing parameters such as the temperature, state of stress, chemical
composition, stacking fault energy (SFE) anckrat deformatiorare reported tanfluence the
amount Widnarténsite fordad[6,18]. SFE tends to play an important role in the stability

of austenitesince it controls the formation of shear bands and other DIM nucleatiofl€ij43].

SFE () itself dependon factors such as chemical composition and temperfgQfend can be
estimated using Eqn. 2.6 (Brofman and An€ll), Eqn. 2.4Schramm and Red82]), and Eqn.

2.8 (Rhodes and Thomps¢s3]).

' p®& ¢ POQ MBPOT ¢q@pO 8¢
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Generally, TRIP becomes the dominant opeeatleformation mechanisms in stainless steel
when the SFE is below 18 m%{54]. The dcrease in temperature can cause a dr6fi which

in turn, raises the chemical driving force (i.e. variation in the chemicaldneegy difference
bet ween t he -neadenditeephaseR)ethephase tradsformation. Similarly, increasing
the temperature | eads to an i nc rnarkessdedecreass F E
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[49]. Otherrelevaniparameters to consider for the deformaiiotiuced martensitic transformation

are the deformation mode and the strain rate. Patel and Caidiound uniaxial tension to be
more beneficial for martensite formation than uniaxial compression or hydrostatic compression.
Similarly, martensitic transformation is more favoredoat strain rates thaat high strain rates

since the later will heat the sample and hinder martensitic transfornjdBpriEskandariet al

[18] observed that crogslling increasd the volume fraction of martensite formed in cold rolled
plates than tke conventional unidirectional rolling since the former resuitsincrease of
intersections of shear bands that preferentiakites for martensite nucleati¢ts].

In a previousstudy, the initial U-martensite nucleusasreported to be coherent with the parent
austenite[56], but there exid loss of coherency as thé-artensié plate gew. On the other
hand,0-martensiteremaired coherent with the parent austenite. With enough driving force (i.e.
decrease in Gibbs free energy}martensite nucleus will rapidly grow pfates, whichterminate
at high angle grain boundariesairother martensite plates. Therefqnaor austenitegrain size is
a factor that affects the growth of martensite plates. It should be noted that sometimes the
martensite/austenite interface is not strong enough to prevent the growth of martensitg¢hbence
martensite continues to grow to form the martensite interse¢idh®eformationinduced phase
transformation occurs by two mechanisnsgraininduced and stresassisted/induced phase
transformation. Bain-induced martensite is known to occur at the intersection of shear[b&hds
This is because shear strains imposed by these intersections promote atomic arrangement that
favor s t he [69LSheaebandin this contéxtisthaollective term for the planar defects
that form due to the overlapping of stacking faults (formed by the dissociation of perfect
dislocations into Shockley partial dislocations during plastic deformation) oerétes{111}
planes during plastic deformati¢h9]. This shear band could la@ intersecting-martensiteor
twin band depending on the overlapping processtardking faults. Anrmartensite is formed if
theintrinsic stacking faults overlap regularlg every second {111} plane, while mechanical twin
will develop by overlapping three stacking faults on successive {111} p@jeThe formation
of -martensite and twin and their respective bands are schematically shown in Fgard.
2.4ashowsan isolated stacking fault of width, thatforms on 111} planefrom the dissociation
of a perfect dislocation under an applied stréle size of the stacking fault increases with applied
stress until a critical width *, is reachedas shown irFig. 2.4b A number of stacking faults
[ n i s 1 (Fagn2d4h and tivin(Fig. 2)49, respectively]overlap in adjacer{tl11} planes
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to form an embryo with a critical width® and lengthd. The length of the embryay, then
increases and propagates through the gragmians by subsequent overlapping of stacking faults
in adjacent plangd-ig. 2.4d9. Once the structure is fully formed, its widih increases by forming
adjacent embryos of constant widith [0 =i “0 , where0 is the number of embro in atd as
shown inFig. 2.4e. Finallyt he i ncrease in U/twinning vol ume
and overlapping of new embryos in various locations of a gesiding to the formation of micro
bandg(Fig. 2.49).

(a

Stacking fault
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Fig. 2.4 Schematic diagransf t he mechani sm of U and twin f
respective banfb0].

Stressassi sted phase transformation nucl 58]t i on
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In summary, while the nucleation of straimn duced Ug need the creatior

the intersection ob bands or thenitersection of am band with a twin in the parent austenite by
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plastic deformation, the nucleation of strkass s i ¢curst the grain boundaries with no need
for new nucleation sitef68] as shown in Fig. 2.4. The result in Fig. 83]al s o shows t h:
developed via bothtraininduced and stressssisted mechanisms in ceagrained stainless steel

while stressassisted was the dominant mechanism in UFG specimen.

Coarse Grain € martensite or

twinning
strain-induced
a' martensite

significant stress-assisted
grain refinement a' martensite

____________ d~300 nm

>

Grain Size

"‘ The steel annealed (

| at 610 °C for 8 minf

Fig. 2.5 Schematic diagram and TEM micrographs of deformed stainless steel showing the
relationship between grain size and mechanism of deformatiiiced martensitgs1].

2.3  Deformation twinning in stainless steels

Deformation twinning occurs in most austenitic stainless steels during plastic deformation. This
leads to a phenomenon termed twinkinduced plasticity (TWIP). Apart from the 300 series
ASS, special type of austenitic stainless steel that exhibits Tié& & the high Mn TWIP steels
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that contain up to 285 wt% Mn with a minor addition of Al and $2]. They are attractive
material for structural applications due to their ueigility to offer combine strength (up to 800
MPa) and ductility (up to 95%%3]. Although difierent mechanisms have been proppasdhey

are well documentedy Coomaret al.[64], the development of deformation twins is generally a
process that proceeds by dislocation mechait&h One of the accepted formation mechanisms

of deformation twinning is already discussed in Section 2.2.2 since it is quitardionthat of

HCP Umartensitg63] as shown in Fig. 2.4As previously indicatedthe operatie deformation
mechanisms in metals are strongly influenced by their [6BE It is reported that deformation
twinning will dominate at a SFE in the 185 mJn¥ range while slip occurs above 35 m3[&4].
Regardless of the dominant deformation mechanisms, be it phase transformation or twinning,
plastic deformation by slip of dislocations will still occ@7]. Deformation twins act as sub
boundarylike obstacles to dislocation motioleading to Hall Petchtype strengthening of the
twinnedmetal [68]. This phenomenon is termed dynamic Hadtch effec69] since twns
nucleate as deformation proceeds and simultaneously resulting in a continuous grain refinement.

Hence, the dislocation medree path is reduced and significant hardening rate is generated.

Twinning stresswhich is a combination of stressrequired ¢ nucleate and grow twsnis a
necessary requirement to generate deformation twinning. The determinatibe sifess to
nucleate a deformation twin is experimentally difficti0]. As such, it is considered that the
twinning stress determined experimentally is the stress required for twin growth. The assumption
is that twin nuclei already exist within the metap.stacking fault§65]. Despite thexperimental
difficulty involvedin determining twin nucleation stress, Rahri&s] determined the critical twin
nucleation stress for an infinite grain size in a TWIP steel to be ~50 Whieh increases with
decrease in grain size (i.e. twinning becomes more difficult in finesyraillowever, Bouaziz et

al. [71] reportedthat twin nucleation stress is independaingrain size (in the grain sizange of
1.3-25 Ad though). Classical twinning theories for determining the critical stress for twinning
have been proposed and documef@dd. The, proposed by Byufi72] in terms of uniaxial

stress is expressed in Eqn. 2.9 as a function of SFBuangers vectar

" PP T O €2.9
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wherel is the SFE and is the Burgers vector of the Shockley partidlsereforejt implies that
high SFE and/or lows will result in high critical true stress for mechanical twinning. Gucleation

of twins become more difficujt Other factors that may influence the evolution of deformation
twinning are temperature, strain rakeyel of prestrain, specimen and/or grain size, specimen
crystallographic texture, alloy composition, precipitates, pt8]. Some of these factors are

interdependerdind difficult to separate.

2.4 Mechanical behaviour of austenitic stainless stezl

One of thevery importantfactors thainfluence the mechanical behavior of metaisluding the
austenitic stainless stegls the strain rate at whidey are deformed. By classification, strain
rates belowl0® s* are in thecreepdomain while those at or belol®® s* representjuaststatic
deformation conditions. Strain rates abové dbare classified abigh strainrates abovel0* s?

are calledvery high strain ratgsand strain rates abod€’ s*are calledultra high strain rates
deformation condition$73]. For the purpose of this thesisnly the mechanical behavior of
austenitic stainless steahder quaststatic and high strain ratesdeformation conditions are
discussedurtherin Sections 2.1 and 24.2, respectivelyUnlike the behavior under quastatic
condition wherestrain hardening dominatgdastic deformation in metals under dynamic impact
loading is a complex phenomenon that is characterized by the competition between strain
hardenig and thermal softening. The thermal softening results from the conversion of impact
energy to thermal energy, leading to a temperature rise in the impacted spg@etisvas
suggested that 90 % of the kinetic energy of the striking projectile is contetteegtmal energy

[75]. The extent of thermal softening in a deformed specimen is influencedshgniperature

rise whichcan be estimated from the stretsain data using Eqns. J8].
4 4 34 — €2.6

where4 and T are the temperatures of the specimen before and after highateadeformation,
[ is the fraction of plastic work that is converted into heat (assumed to be 0.9) and it is referred to
as the TayloQuinney parameter (Eqn. 2aj, # is the specific heat capacityjs the density and

7 is the plastic work of deformation which is expressed in Eqrb2.7
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where) ,sand U are the heat converted from plast.]
general @scription of deformation behavior in metals under different loading condition is
illustrated in Fig. 2.477]. Under quasstatic loading conditions where the temgiare rise in

specimen is negligible, deformed specimen exhibits continuous hardening to large strain in the
stressstrain curve until the material fractures as shown in Fig. 2.6. Under dynamic loading
conditions where the plastic work heats up the de¢drmetal, the flow stress first hardens up to
apeakvalu®maxstess f ol |l owed by strain softening (the T

the dynamic loading condition, a localized thermal softening may become extreme resulting in

stresscollape t hat cul minates to strammhig2@®.cali zati o
-
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Fig. 2.6 Shear streseaominal shear strain plot for a typical welardening materidlr7].

2.4.1 Under quaststatic condition

As previously mentionedhe temperature rise aspecimen under quastatic loading conditions
is negligible. The implication of thi®r austenitic stainless steédsthat the transformation of the
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metastable austenite phase to martensite during ptefticemation can be spontaneous without
being influenced by temperature rise withilme specimen. It has been reported that martensitic
phase transformation occurred in AlSI 304 stainless steel under tensile load at room temperature
but was suppressed &3 [78]. The aithors concluded that the presence of martensite increased
the hardening rate ithe specimes deformed at room temperature. The tensile deformation of
selected stainless steel grades showed a decrease in defolindimed martensite with increase

in alloying content temperature, strain rate (within the low strain rate regime) and XfEAt

room to cryogenic temperatures and at different strain rates also within the low strain rate regime,
selected 300 series stainless steel showed an increasddistyength and decrease in fracture
strain as the deformation temperature decre@83dMeanwhile, yield strength and fracture strain
increased and decreasetth increased strain rgteespectively.The evolution of deformation
twinning in ahigh Mn austenitic TWIRteelunder tensile loaleame more difficult as the grain
size decreasd80]. Similarly, finite element simulation of AISI 304 ASS under uniaxial tension
shows the activation and sppessionof twinning in coarse and ultrafingrained structures,
respectivelywhile experimental results confirm the suppression of both the deformation twinning
and martensitic phase transformation by grain refinerjf@ijt The EBSD analysis of the same
selected area provided evidence otwaning during an interruptedverse tensioitompression
loading of a TWIP stedb2]. It wasreportedthat all deformation twins formed during forward
tension loading were removed upon subsequent reverse caioprésading. On the role of
texture[82], deformation twinning occurred in grains oriented near J|I2 (tensile direction)
where the twinning stress larger than the slip stress.

2.4.2 Under dynamic condition

Unlike the quasstatic deformation condition, adiabatic heatinghe specimen during dynamic
deformation can influence the microstructure of the metal and by extension, its mechanical
response during high strarate deformationFor instance, most austenitic stainless steglergo
martensitic phase transformatjcand the fraction of transformed martensite candifferent
compared to those deformed under qusdaiic condition. Under a compressive load, S@3

also determined that the stability of austenite in austenitic stainless TWIP steels was low at lower
strain rates, but phase transformation was supprdsseghigh-strainrate deformationTheea®

of U-martensiteformation and its suppressiowhen adiabatic heating is not significant and
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substantial, respectively, Vmalsobeen reported durinthe dynamic deformation &lISI 304

steel[84]. The value of temperature rise in austenitic stainless stakelglatedusing Eqn. 2.6 is

believed to be underestimated due to the geneaaBymed value ¢f (0.9). In fact there exists a

variability of the value by for austenitic steels that undergo deformadmmfuced martensitic
transformation at high strain raf@s]. It is believedthat latent heat released due to the exothermic

nature of the martensitic transformation and the heat dissipated duringdhe €oor mat i on of
Ua contributes to the source of heat (8Rlat res

This caninfluence the value gf.

The implication of theaforanentioned sources of heatthat the temperature rise is tied to the
austenite grain straining alone at the onset of loading (since no phase transformation will occur at
this time). When martensitic transformation is activated as deformation contineses, Haat

associated with the martensite transf ol mati on

in Egn. 2.7ais the summation ofieat converted from plastic wodad the heat due to phase
transformation. Theefore, theuse of a constant valwé 0.9 fory maylead to underestimatioof
the temperature rise in specim@ie temperature rise in a-f&3-Ni austenitic stainless steel that
was deformed under high strain rate condition (~5.8xstpwas ~943 K[86]. For austenitic
steels of different SFE#eformed m tensiorat strain rates ranging from the quasitic to dynamic
regime, Curtz¢68] reported an upsurge in SFE at high strain rate due to adiabatic hedticly
resultedin a drop in the suppression of deformation twin evolution. Other au@tfsave also
reported themportantrole adiabatic heating play on the SFE of austenitic stainless. stéel
dynamic mechanical behavior of higfn austenitic stainless stegbecimenss different from
those deformed under quasatic condition While strainhardening that is followed by a strain
softeningis characteristiof the stresstrain curve of the specimens deformed under dynamic
condition, curves of specimens deformed under estasic comlition only show strain hardening

due to negligible ri[8p in specimends temperat

2.5 Dynamic failure mode in metals

Usually, the mode of deformation in metals exposed to high steda loading condition is
associated witfiormation of a thermalhassisted shear strain localization called adiabatic shear
band (ASB). ASB is a narrow shear zone whgh preferential si for dynamic failure/fracture

[89,90]. The intense shear strain localization is due to loss of load cacgagity from thermal
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softening in the region of intense adiabatic heatifener and Hollmon [91] ascribed their
occurrence to a competition between strain hardening and thermal soféedBwydevelop rapidly

in impacted specimen due to lack of time for tharmaiffusion such that the specimen which
undergoes localized instantaneous heating is rapidly cooled by the relatively cool matrix around
the ASB[92]. This suppresses work hardening and promotes localized sofféBingxamples

of dynamic loading conditions that metals can be exposed to are, ballistic or hypervelocity impact,
friction stir welding, forging[90], high speed machining/cuttin®4], dynamic punch test,
explosive loading, shaped charge jet, torsion rolling, explosive welding98{@5].

2.5.1 Initiation and propagation mechanisms of adiabatic shear band

Several mechanisms for the initiation of AB&ve beeproposedsome of which are summarized

in Fig. 2.7. These are grastale microstructural initiation mechanisms in singhase
homogeneous materig®7]. Figure 2.7a suggests that large grains in materials containing varying
grain sizes will plastically deform at the expense of the sgralhs such that the larggains
become initiation sitefor shear bar&l This is becausthe largegrain exhibits dw yield stress

(A ) while the small grain possesses high yield stre§9 (n agreement with the HaRetch
equation. The second possible mechanism (Fig. 2.7épied tdhe tendency for AS8o initiate

from localized softened grains that are caused by grain rotation. The increase in Schmid factor of
a plastically deformed grain can also cause localized softening that have the propensity to initiate
shear band. This mechanism suggests tleatiled deformation of one grain can propagate along

a band as shown in Fig. 2.7c. Pierce et[28] and Anand and Kalidindj99] modelled the
mechanism of localization through cooperative plastic deformation between participating grains
that supportsnodel presented ifig. 2.7c. Armstrong and Zeril[lL00] also proposed another
mechanisnthat isshown in Fig. 2.7d. The mechanism sesgig that local temperature rise and
necessary plastic deformation can be generated to initiate ASB when dislocatiop puess

through a grain boundary. In all, the initiationsbiear band is an inherent and natural outcome of
large deformation prosses which is related to the concurrent evolution of crystallographic texture
[99]. Due to these complexities of ASB being more of a physical phenomenon than most other
failure modes in engineering materials, numerical simulations havepbeeosedo be the most

efficient way to study shear band propagafitoi].

25



—
&

W

G0
{858 (A

Fig. 2.7 Possible shedsand initiation mechanisms in singddase homogeneous materials. (a)
grainsize inhomogeneity, (b) geometrical softening, (c) Péhksard Needleman textural
localization and (d) dislocatigpile-up releas¢97].
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2.5.2 Types of ASB and their microstructural features

It has been established that the formation of 438ich are characteristics of high strain rate
deformationin a metal, is a precursor the dynamic fracturef the metal There are two type
ASB: the deformed shear band (DSB) and transformed shear band [9%B)2]. The onset of
DSB and TSB in a metdlepend on the critical strain and strain ratesvdichit is deformed56].
The DSB contaiselongated and distortegtains that develop at a loweritical strain and strain
ratesthan the critical values at which TSB is formg2,102]. This implies that TSBs are
transformeddSBs andin most cases[ SBs are flanked by DSBs; a hint ti#$B is a precursor
to TSB. TSBson the other hand, are characterized by 4itra equiaxed grains formed as a result
of dynamic recovery (DRV) or dynamic recrystallization (DR99,96,102]. The hardness profile
acrossa TSBshowedhigher microhardnessluesin the TSB than the matrix103,104], which is
attributed to grain refinemenBesides DRV and DRX, other microstructural changes such as
phase transformatiorj405,106], melting and amorphizatid®3,107] and carbide fragmentation
and redistribution108] have been reported to occur within THeB.

2.5.3 Dynamic recovery and dynamic recrystallization

It has been postulated that the formation and propagation of ASB (in this case, tiyp@&5id
directly related to and dictated by the occurrence of DRX inside the[I&H. In fact, the
formation and propagation of TSB are sometimes described by the onset conditions of DRX inside

the TSB. To this end, it becomes necessary to understand the mechanism of DRX inside the TSB.
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Theoccurrence of DRXs usually preceded by DRV. DRV is a microstructural softening process
that is characterized by the presence of lamellar boundaries and are usually observed at the
interface between the inside and outside TSB refl®®]. It involvesthe rearrangement of
dislocation into a more energetically favorable configuration referred to as subgrain or cell
structure. The cells are characterized by heavily dislocated bounddhe®mparable orientation

as the parent grains. As strain rate increases, subgrain size decreases but the misorientation
between them increasgkl0]. The mechanism of recovery as schematically shown in Fig. 2.8a
includes the annihilation gfoint defects such as vacancies and interstitials by diffusion to sinks
(dislocations). This i$ollowed bydislocation annihilation by attraction of mobile dislocations of
opposite sign; a process promoted by temperature rise in specimen during defoffrigtid.8al

and a2).The next is the polygonization stage that involves the coordination of free, random
dislocations into dislocation walls/sddmundariegFig. 2.8a3) The sib-boundary walls eventually

coalesce as subgrain grows (Fig. 2.8a4).

Over theyears, researchers have proposed several mechanisms of DRX in TSB. However, Derby
[111] classified the mechanism of DRX into migrational and rotational. While the migrational
DRX (MDRX) mechanism involves diffusion and develops by eatbn and growth of
recrystallized grains, rotational DRX (RDRX) is completed throughrsédition of subgraing®4].

Since the time of formation of TSB is extremely short, MDRX mechanism is not capable of
explaining the equiaxed ultrafine grain (UFG) struetim TSB. The most accepted RDRX
mechanism (that involves concurrent plastic deformation) model for explaining equiaxed UFG
structure in TSB is proposed biesterenkaet al.[112] as schematically shown in Fig. 2.8b. The

first stage (Fig. 2.8b1) is the accumulation of random and homogenously distributed dislocations
This dislocation rearranges to elongated dislocation cells as shown in Fig. 2.8b2. The elongated
dislocation cellsransforminto elongated subgrains of fine boundaries (Fig. 2.8b3) as deformation
proceeds. Figures 2.8{iiB completes a dynamic recovguyocess that is synonymous to the
description in Fig. 2.8a. As deformation proceeds further, subgrains disintegrate into equiaxed
subgrains because of the interfacial energy minimization (Fig. 2.8b4). The equiaxed subgrains are
then rotated to complete tlevolution of DRXed UFG (Fig. 2.8b5). Using crystal plasticity
theory, some authors have proposed another feasible model called the progressive subgrain

misorientation recrystallization whose detailed description can be found ifiLRe}.
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Fig. 2.8 Schematic diagrams of (a) dynamic recovery (successive dislocation annihilation
mechanism)113] and (b) dynamic recrystallizatigth12] mechanisms

2.6 Dynamic fracture mechanism in impacted metals

The formation of ASBs in shodkaded specimens is often precursors to ductile fracturkSBs

serve as potential sites for crack initiation and propag§@@i14,115]. Due to the condition for
formation, DSB is usually first formed in an impacted specimen, followed by the TSB as
previouslydescribed. As sar stain localization becomes intense, crack is then initiated and
propagated through the T$BL6,117]. A typical micrograplshowing the two types of shear bands

are presenteth Fig. 2.9[118]. The mechargm of crack initiation and propagation in TSB that
leads to dynamic fracture of impacted metals is generally reported to proceeds in five sequential
steps[119,120]. As shown in Fig. 2.10, these steps includegh@)formation of micrevoids in

TSB, (i) amalgamation of the micrgoids to form elongated voidlusters, (iii) initiation of fine

micro- cracks from opposite ends the elongated voidlusters, (iv) growth and interconnection
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of adjacent micrecracks, and (v) crack propagation to dynamic failure. Several mechanisms have
beenreportedo play a role in the nucleation of mievoids in TSB.They includehe presence of
second phase particl€El8,121]), the existence of stress gradient between the inside andeouts
TSB that tends to generate tensile stresses, the vacancy accumulation ateesgyregion, void

nucleation at the head of dislocation pilgs and grain boundary slidifi19].

200pm
ompression plane near incident bar

Fig. 2.9 Optical micrograph showing crack initiated and propagated along a transformed shear
band on the longitudinal section of an impacted AA 20431 specimefil18].
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Fig. 2.10 Microstructural model for crack initiation and propagation inside TIB].
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2.7 Summary

This chapter is a comprehensive review of previous studies on stainless steels and their
applications. It highlights the composition of stainless steels and specifically, the composition of
AISI 321 stainless steel, its intended applications, taecturrent hindrances to its widespread
applications. Theeview of the literature affirms that AISI 321 stainless steel is notstatlied,

neither is its response to external loadings wwetlerstood.There is a need to improve the
mechanical strengtbf AISI 321 steel to expand its use to other structural applications, where low
mechanical strength hinders their use. It is very important that whatever strengthening method is
adopted for AISI 321 steel, it must not adversely affect the excellent asrresistancef the steel.

It is, therefore, not clear in the literature how strengthening by grain refinement will affect both the

mechanical and corrosion properties of AlSI 321 steel. That is the focus of this PhD research study.
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Chapter 3
Material sand Methodology

In this chapter, the material and methods used for developing ultrafine grain (UFG) structure and
microstructural characterization are presenigue procedure for determining the mechanical
properties of the aeceived and refined allaysing hardness test, quasatic compressive and
dynamic impact tests are discussed. This chapter also contains detailed information on the
mat eri al s® c¢ h aptieatandescanning dlectmmmicnoscopggmission electron
microscopy (TEM)energy dispersive spectroscopy (EDSgctronbackscatterediffractometry
(EBSD), Xray diffractometry (XRD) and Feritscope. The procedure for electrochecoicakion

tests isalso discussed in details.

3.1 Material s

The nominal composition dhe AISI 321 austenitic stainless steel used in this study is presented
in Table 2.1 Theinvestigatedalloy was received from SANDMEYER steel company, PA, USA,

in the form of ahotrolled plate, 25.4 mm thick as schematically shown in Fig. 3.1. The
mechanical datarepresented in Table 3.1 while the packing list and certified material test report
can be found in APPENDIB. The average grain size of theraseived steel is 37 um on the
ND-TD plane. The optal micrographs in Fig. 3.1 shows theraseived alloy i€haracterizedy
microstructurainhomogeneity across sample thickness; forming banding athickhess.

Table 3.1 Mechanical data of AISI 321 austenitic stainless steel provided by supplier.

Yield strength Tensile strength %Elongation Hardness

242 MPa 554 47% in 51 mm RB 80

3.2  Solution heat treatment and cryerolling procedures

Before rolling, the alloy was solution treated by soaking at 137BLR03 ) for 30 minutesn a
benchtop Mufflefurnace (Fig. 3.2a)followed by quenchindgo room temperaturen water to
achieve chemical homogeneity. In a previous s{d@y], no additional formation of martensite
was observed whem coldformed austenitic stainless steel specimen was exposed to a cryogenic

temperature, whereas prior exposure to cryogenic temperature before rolling led to a substantial

31






