The Effect of Strain Ageing on Plastic Deformation in High Strength Steel
By
Evan Drew
McMaster University
(Hamilton)

August 2017



Abstract

The influence of strain ageing on the mechanical properties, plasticity and fracture of
guenched and tempered martensitic 300M steel is investigated. Tensile testing with variable
strain rate identified the presence of negative strain rate sensitivity at room temperature. The
existence of dynamic strain ageing at room temperature was also confirmed for strain rates
between 0.00133-0266 s using digital image correlation (DIC). Strain ageing resulted in
significant strengthening at room temperature, which masks the presence of dynamic strain
ageing upon re-loading. Fracture analysis conducted using scanning electron microscopy (SEM)
revealed only minor differences in the failure mechanisms and fracture morphology caused by
deformation and ageing. A model by Brown and Embury is used to link inclusion size and
distribution to failure strain, and the failure mechanism of 300M was determined to be the
formation of micro-voids on transition carbides and inclusion particles. Models for dislocation
evolution and locking based on fundamental theories were also produced and successfully used
to model the transient strengthening of 300M following ageing at room temperature using

differential dislocation evolution equations.



Preface

The bulk of the work presented in this thesis was performed at the Materials Science
and Engineering department of McMaster University and the McMaster Automotive Resource
Center (MARC). Sample preparation, material heat treatment, and characterization were
performed predominantly in the MSE labs, while mechanical testing was accomplished at MARC

with the assistance of Dr. Mike Bruhis.

Scanning electron microscopy was performed at the Canadian Center for Electron
Microscopy at McMaster University by the author, including fracture analysis, electron
dispersive spectroscopy, and inclusion analysis. Electron backscatter diffraction was performed
by technician Chris Butcher while the author was present. Subsequent data analysis was

performed solely by the author.

All transmission electron microscopy results shown in this work were carried out by Dr.
X Wang of McMaster University prior to this work, and the results were interpreted at a later

date by the author.



Table of Contents

LY o1 1 T OO P SO S P TURP PRSPPI i
0= 1ol T PP U SO PPTTOUPRP ii
R o) N I [ o] LT T PP US T PPTOTOTPRR v
I o) B T ={ U LTSI vi
ACKNOWIEAZEMENTS. ....eeiiiieiee ettt e et e et e e e et e e e e ebtee e e e bteeeesbteeeeabaaeeessteeeesastaeeesastaeessassanassnes X
(@ 0T o) f < ol Al o o o [¥ ot { o o USSR 1
Chapter 2 - LItEratlure REVIEW ......cccuiiiiiciiee ettt ettt e ettt e e et e e e e e ta e e e e satae e e seabaeeeeentaeeeesnsaeeeesaseeaeennsenas 2
2.1 Structure Of FErrouUS Mart@NSite ....c.cuiiiieeiiiieeiiee ettt ettt et e st e e ae e e s reesneeesaree s 2
2.1.1 Characteristics of As-quenched Martensite......cccoccveiiieciiei i 2
2.1.2 Tempering of FErrous Mart@nSite.......cccciiiiiiiiie et e e e e e sbee e e e sbee e e e sereeas 6

2.2 Mechanical Properties 0f Mart@NSite .........eieecuiiiiieciiie ettt et e e e e e tre e e e etae e e e naeeeeenaneeean 12
2.2.1 Strengthening MEChANISIMS .......coo it e et e e e e eate e e s eaee e e e entaeeeeanes 12
2.2.2 Effect of Alloying Elements on the Structure and Properties of 300M .........ccccceeecvveeeecieeeeenns 21

2.3 Plastic Deformation of Mart@nSite ........ceeecieieiiiiniieeiieeeee ettt et e s e 22
2.3.1 Mechanisms of Deformation in Martensite.........cccceeceiriiiiiiieniieeieee e 22
2.3.2 Effect of Plastic Deformation on MiCroStrUCTUIe. .......ccceeiiiriiriieieeeeeesee e 27
2.3.3 5train Ageing Of IMArTNSITE ... .uviiiiciiiee ettt e e e tte e e e e rtte e e s s ette e e e etteeeesneaeaeennes 28
2.3.4 Fracture Of IMart@NSite ......co i ii ittt ettt be e sae e st esbe e sae e saee e 31

2.4 Open Questions Regarding Mart@nSite ........ccccieiieciiiiieiiiie e e s e sre e e e seae e e e s aaaeeeas 32
Chapter 3 - Experimental MethOOIOY .....ccoouiiiiiiiiiie e e e stae e s ata e e e eanes 33
N Y17 ] LN G =Yoo 1= o 1= PP UPR 33
A =T o Y11 =Y 4 T V- PP 34
3.2.1 Tensile Testing with Digital Image Correlation .........ccccccviieeeciiie e 35

o B =1 (Yot o Y W 1Y, [ ol e 1Y olo] VAP 35
3.3.1 Scanning Electron MicroSCOPY (SEM).....ccccieiiiieiiiieeeieeeieeesie e ecteeestre s re e e vae e beeesareesareeeraeeeanes 36
3.3.2 Electron Backscatter Diffraction (EBSD).......cocveiiiivueeiiiitieeeeiieeeeeeitreeecetreeeeeetreeeesnnveeeesnsveeeesnes 38

(O o FT oY T B ST T PSRRIt 38
4.1 Material CharaCterization ........cueoiiie et sa e s e ssr e snenesaree s 38
g O N O Y=Y o Yot | Y g B Y2 LS EUPROE 40
4.1.2 Hardness Characterization ANalySiS........uueiieiiieiiiiiiiiiee e et e e e e e eecirree e e e e e e e esrareeeeeaesesennnnes 41
4.1.3 Microstructure and Characterization..........cccceeveerierierieniceeeee e 42



o Y =Yoo ¥ T a1 oF= Y I IC=TS) 1V =R 46

I Y oY g Vo) oY o Y Tol =T o I LT =T o = SO SRSP 46
4.2.2 Interrupted TeNSIlE TESTING . .ccii i iiie ittt e e e et e e e et b e e e s tae e e searae e e e asbaeesannraeeean 56
4.2.3 AgEINE UNAEI LOAM ....uiiiiiciiiieecieee ettt e e et e e e e te e e e e ata e e e eataeeesataeeesnsaeeesanssaeesannraeenan 79

(O o F=T oY (Tl Tl B 1 1Yol U I o IR SPRNt 82
5.1 MONOtONIC DEFOIMATION c...eeieiiiieiieetee ettt ettt s e e st e s bt e s sbee e s beeesabeesabeesneeesareeenns 83
5.1.1 Strain RAte SENSITIVITY oueeeiieiiiiieee et e e e s s s e e e e e e s anneaeeee s 83

5.2 DYNAMIC SErain AGEINE .ttt ettt e e e e ettt e e e e e e s bbbt e e e e e esesaasbbaeeeeeesesanssnaaeeesesnnnn 84
5.2.1 Effect of Prior Deformation on DyNamic AGEINEG........cceccuvieeiiiiieeeiiiee e ecieee e ecree e ectre e e sevrnee e 86

5.3 S tatiC SN AN oo 86
5.3.1 Cottrell Locking CalCUlations ........cccuuiiiieiiiie ettt ettee e et e e e et e e e e ate e e e eate e e e sntaeaeennes 87
5.3.2 Cottrell-Louat Segregation KINELICS .......ccueiiiiciiiiiiiiee ettt s sveee e 90
5.3.3 Additional/Alternative Contributions to Strengthening........c.ccccoeevvevieniecie e 91

5.4 TranSiENt EFfECES ..o.eiiiiiiieiie ettt sttt e b e saeesaee e 92
5.4.1 Effect of Ageing 0N DUCKIlItY......ceiiiceiiee ettt et e e e eate e e e e ara e e e eanes 97
5.4.2 Effects of Ageing on Strain Rate SENSItIVILY ...c.ceeeeciiiiieciiie e 98
5.4.3 Effects of Applied Stress during AZEING .....ccoucviiiiiciiee et e s et e s ssaeeeeeenes 99

5.5 Failure Mechanisms and FraCtUre........cooueiiiiiriie ettt ettt ettt e st esneeesaree s 100
LT TR A - 1 [V I AN g T Y LSRRI 100
o3 T8 A [0 Yol (VT o T o I Y o = 2 P 102

(0 0T o) =T S @Y Yol [V [ o LR 103
6.1 SUMMArY and KEY RESUIES ....ceiiiiiee ettt e e et e e e e tee e e e eabee e e eeabee e e e sabeeeeeenraeas 103
6.2 FULUI® WOTK ...ttt st st sttt e st s et sn e e b e b e meesmeesmeeemeeenneen 103
23] o FTeT =4 =T o] o1V PSP UTR 105



List of Tables

Table 1: Observed dislocation densities in Fe-C and Fe-Ni lath martensites as calculated by Morito et al.6
Table 2: Ageing and tempering processes occurring in ferrous martensites originally published by Leslie

and Sober [30] and taken from Badinier [22] ....coooccuieeeiiii ettt e e e e e e e enaaaaes 8
Table 3: Strengthening mechanisms for 0.1wt%C AlSI 4310 and 0.4wt% AISI 4340 as-quenched lath

martensites as originally recorded by Leslie and Sober and recently published by Badinier .................... 12
Table 4: Elemental composition limits for the 300M steel used for this work........ccccccvviiiiiiiiiien e, 39
Table 5: Industrial thermo-mechanical treatment for 300M Steel......cccuevvviiiriiiniircieecee e 39
Table 6: GDOES elemental impurity results for as-received 300M ........c.ccooeeciiiiiieeeeeeicciiieeee e e eeeirreeeens 40
Table 7: Gaseous element testing results displayed in parts-per-million.........cccccoeveeiiericiiiee e, 41

Table 8: Average and median grain size measurements taken from the center of an industrial 300M

SAMPIE PrePared fOr EBSD .......uuiiiiiiiee ittt ettt e e sttt e e s sbae e e s s beeeessabeeaeesbeaeeesntaeessantaeeesnes 44
Table 9: Summary of features classified as inclusions for the 3 samples examined using INCA Feature ..78
Table 10: Strengthening summary table for all flat specimens tested using DIC..........cccceeeevieeeeciieeeenneen. 80
Table 11: Reduction in area measurements from selected round tensile specimens aged for long times98



List of Figures

Figure 1: Representation of the structure of lath martensite taken from Du et al [5]......cccoovveevcvieeeicnnnennn. 3
Figure 2: Optical microscope images of lath martensite in 0.2%C steel (left) and plate martensite in an Fe
13.9% Mn alloy (right) taken from Marder and Krauss at 205x magnification and 1000x magnification,

LT o1<Toru 1Y/ 1Y PSP 3
Figure 3: Diffusion distances of C in low carbon martensite for varied cooling rates below M, [10] .......... 4
Figure 4: 3D atom probe images of as-quenched martensite (left) and martensite tempered at 120°C for
8 hours (right) taken from Badinier [22]......ccciii ittt e et eare e e e erae e e e e rte e e e eabaee e ennreeas 7
Figure 5: Retained austenite fraction in 300M steel after tempering and deforming taken from Horn and
2ol o 1T 0 ] PSSR 10
Figure 6: Fracture mechanism diagram for martensitic steels, dependent on wt% C and tempering
temperature as proposed By Krauss [44] ...ttt e sree e s s stre e e ssare e e s s breeessnraeeeas 11
Figure 7: 0.2% offset yield stress data for as-quenched low carbon lath martensites. Data originally
published by Speich and Warlimont [50] and recently reproduced by Badinier et al [51] ........cccueeenn.eee. 14
Figure 8: Temperature and strain rate dependence diagram for FCC Inconel 600 taken from Mulford and
1o 1o 4SS 16
Figure 9: Types of serrated flow occurring in low carbon steels during tensile testing [63]........ccccceeuuueen. 18
Figure 10: Resistivity curve taken from Sherman et al which interprets the changes occurring during the
tempering of as-quenched MarteNSIte [75]. ...t e e e et e e e e br e e e senaaeeean 21
Figure 11: Plot of fracture toughness versus constraint taken from Nyhus et al...........ccccoeevevivciieeennnen. 25
Figure 12: Equivalent failure strain versus average stress triaxiality diagram for aluminum 2024-T351
created by Bao and WIEIZDICKI ......c.vvviiiiiiee ettt e e e e e e bae e e e eata e e e enteeeeeanes 26
Figure 13: Retained austenite fraction in quenched and tempered AlSI 4340 as a function of
deformation, taken from SASErY @ Gl.........eeoieiiii it e s et e e e srra e e e enes 28
Figure 14: Stress strain curves for strain aged STEEI ........occcviii i e 29

Figure 15: Strain-reversal torsion tests performed by Elliot et al that illustrate the differences in
mechanical behaviour which are dependent on the direction of pre-strain and subsequent re-loading.

Dotted lines represent cases where the direction of strain was opposite to the initial strain [106]......... 31
Figure 16a,b: (a) Round sample geometry with measurements denoted in inches (left) and (b) round
notched geometry with measurements also displayed in inches (right)........cccoveevieeiiieciee e, 33
Figure 17: Flat tensile sample dimensions given iN INCNES .........ccuiiiiciiiie e e e 34
Figure 18: JEOL 6610 LV scanning electron microscope used for fracture analysis and inclusion
POPUIAtION ClasSITICAtION ..iiiieiieii i e e e et e e e e e e e sbre e e e beee e enareeas 36
Figure 19: Vickers hardness profiles for shot peened and untreated industrial samples.......................... 42

Figure 20: Image of the microstructure of 300M in the as-received condition, taken at 50x using an

FoJ o [or-1 o s (ol e 1Y oo o1 PSRRIt 43
Figure 21: (a) Inverse pole figure (left), and (b) prior austenite grain boundary map (right) taken from the
center of an industrial sample prepared fOr EBSD .......cccuiiiiiiiiiiciieee ettt e et e e e svtre e e svra e e 44
Figure 22: TEM images of interlath retained austenite films in 300M quenched and tempered at 300°C
L0 o1 0 V=T Vo Y01 45

Vi



Figure 23: TEM images of transition carbides in 300M steel after quenching and tempering for 4 hours at

Figure 24: Stress-strain curves for a selection of monotonic tensile tests conducted at a crosshead speed

oY i W00 0148 1112 USROS 47
Figure 25: Continuous tensile test data for a notched specimen tested using a crosshead speed of

00T 002 11T AP ROTRR 48
Figure 26: Stress-strain curve for flat sample tested at a speed of Imm/min, using digital image
correlation to track deformMation .........ioiiii ittt aae e saree s 49

Figure 27: DIC strain maps corresponding to monotonic deformation of 300M at a speed of Imm/min 50
Figure 28: Section line strain plot for a round tensile specimen deformed monotonically to failure using a
crosshead speed of 1MmM/MiN (0.001335™) . ...oiiueueeieeeeeeeeeeeeeeeesee et eeeses e etssese s eeeseseseseeesesesnnan 51
Figure 29: Stress-strain curves for round samples resulting from continuous tensile testing with a tenfold

increase in data acqUISItION SPEEU.......cuiiii it e e e e e e e e s s bee e e e nareeas 52
Figure 30: Stress-strain curves resulting from continuous tensile testing with greatly increased
deformation and data aCqUISITION FALES .....cciccuiiiiiiiiee e e e ete e e st ae e s snreeeesanes 53
Figure 31: SEM fracture image for a sample deformed continuously to failure at room temperature at a
SPEEA OF IMIMI/MIN <.eiiiiiiiiiee ettt et et e et e e et e e e be e eteeeetbeeebeeeeaseesabaseasseesabeseasseeesbeeesaeesareean 54
Figure 32: SEM failure image taken at 500x magnification for a sample deformed continuously to failure
at room temperature at a speed of TMM/MIN c...cooiiiiiiiiiii e b e be e ste e s reesaaesaaeens 55
Figure 33: SEM fracture images taken at 1000x times magnification for notched (left) and flat (right)
samples monotonically deformed t0 faillure.........ouveei i 56
Figure 34: Stress-strain curves resulting from short time ageing at room temperature after an initial
deformation of 2.5% at a speed of IMM/MIN ...cciiiiiiiiec e e ettt e e tae e saree s 57
Figure 35: Stress-strain curves for shot-peened samples resulting from ageing at room temperature for
periods between 4 and 72 hours, after an initial deformation of 2.5% at a speed of Imm/min .............. 58
Figure 36: Stress-strain curves for specimens loaded to failure after ageing for 1 hour at room
temperature. Initial deformation was conducted at a speed of 1mMmM/Min .......cccceeeeeeeevieneeneecceecreenen, 59
Figure 37: Stress-strain curves for specimens loaded to failure after ageing for 650 hours at room
temperature. Initial deformation was conducted at a speed of 1mm/min ........ccccceeevveeiiieiieccciee e, 60
Figure 38: Stress-strain curves for round tensile samples pre-strained to 5% and then aged for various
TIMIES @S SNOWN ..ttt ettt e sttt s bt e e s bt e e sabaeesabeesbaeesabeesabbeesabeesnbaesnnteesabaeenanes 61

Figure 39: Stress strain curves for samples deformed to large initial strains and aged 4 hours at room

=] 0 0] o =T o L AU O PP PPTPPPTPTPPPPPPPRY 62
Figure 40: Plot of strengthening due to strain ageing versus ageing time for samples deformed to 2% and
aged at room temperature fOr VarioUs TIMES .........cuiiiiiciiie ettt e et e e e eete e e e earae e e enreeeeeanes 63
Figure 41: Summary plot of the strengthening of tensile rounds versus pre-strain for various ageing

Figure 42: Stress-strain curves for samples deformed to approximately 2.5% at 1mm/min, and rapidly re-
loaded to failure at hiGher Fates ..o e ebae e s e bee e e e nareeas 65
Figure 43: Stress-strain curves for samples deformed to 3% at Imm/min, aged for 1hr, and re-loaded to
failure at varying deformation rates. The re-loading curves are displayed for all tests, and the results are
shown alongside a continuous deformation curve at 1Imm/min for comparison.......c.cceceeeveveeneeseeenens 66

Vii



Figure 44: Stress-strain curves resulting from multiple ageing treatments following an initial deformation
of 5%. The ageing time for each step was 2 hours and the deformation for the intermediate treatments

Figure 45: Stress-strain curves resulting from multiple ageing treatments following an initial deformation
of 5%. The ageing time for each step was 2 hours and the deformation for the intermediate treatments

Figure 46: Strengthening behaviour of the multiple deformation and ageing specimens, measured at

0.2% offset compared to the monotonic behaviour at a rate of Imm/min.......ccccoevieviiieiiecciee e, 69
Figure 47: Selected stress-strain curve for a flat sample loaded to 2% strain, unloaded, and aged at room
temperature for 1 hr before 10ading to faillure.......occuviiieiiiii e 70
Figure 48: DIC strain maps for a sample deformed to ~2% strain at Imm/min, unloaded, and aged for 1

hour at room temperature before 10ading to failure ........oocveii i 71
Figure 49: Stress-strain curves for samples deformed to 3%, tempered, and deformed to failure. Results

are compared with a sample deformed to 3% at a rate of Imm/min as a control.......c.ccceeceevceereesieernnnns 72
Figure 50: SEM fracture images taken at 100x (left) and 1000x magnification (right) for a sample aged for
1 MiINUETE At rOOM TEMPEIATUIE ..ttt e e e s s st e e e e e e e s sabareaeeeeesssanassreneaeeas 73

Figure 51: SEM fracture images taken at 100x (left) and 1000x magnification (right) for a sample aged for
N YoYU S f Ao Yo Yo oI =T 0] 01T L (U] USRS 74
Figure 52: SEM fracture images aged at room temperature for approximately 650 hours before final
deformation. The leftmost image was taken from a sample pre-strained to 1.5%, while the rightmost

was from a sample initially Strain@d 10 1% ....ccccuuiiiieciiiiiiceee e arae e 74
Figure 53: SEM fracture images taken at 500x magnification for samples pre-strained 3%, and re-
tempered at 260°C (left) and 204 °C (FIOT) ...ccccuiiireeiiie et e e e e e eear e e e e e tre e e eennaaeeean 75
Figure 54: SEM fracture images taken at 100 and 1000x magnification for samples pre-strained 6% (left)
and 7% (right) subsequently aged at room temperature for 4 hours ........cccccveeeeieecieeccee e 76

Figure 55: SEM fracture images of a flat sample aged under load for 1 hour following an initial
deformation t0 aPPrOXiMALEIY 2%0....uueiiciiiie it e e e et e e e st e e e s aa e e e s baae e s erraeeeenes 76
Figure 56: SEM fracture image showing prominent void linkage, taken from a sample deformed to 2%
strain and aged for 650 hours at roOM TEMPEIATUIE ........eeeeeciiieeecieee ettt et e e e ere e e e eareeeeeanes 77
Figure 57: SEM fracture image at 250x maghnification of the material with an abnormally high inclusion

[ TeT U1 -1 4o o F PP 78
Figure 58: Selected stress-strain curve for a flat sample loaded to 2% and aged under load at room

temperature for 1 hr before 10ading to faillure........ccuvviieiiie i 79
Figure 59: DIC strain maps for a sample deformed to ~2% strain at Imm/min and aged under load for 1

hour at room temperature before 10ading tO failure ..........cceeeieiii i 80
Figure 60: DIC strain maps for a thick flat sample deformed monotonically to failure at Imm/min ........ 81

Figure 61: DIC strain maps for a thick flat sample loaded to 36kN (~2% strain), and aged under load for
o] o[-l e Lo T oY di o o] g T 1T Yo L=] - | U <R RSRRRN 82
Figure 62: Magnified stress-strain curve for a sample deformed monotonically using a crosshead speed
of Imm/min and a data acquisition rate of 100 points Per SECONd ........cceeeeveeeireeeceeeeiree e eeree e 85
Figure 63: Comparison of dislocation locking probability data for a positive edge dislocation in a-iron..88

viii



Figure 64: Estimated locking time for a positive edge dislocation in 300M, calculated using the Cottrell-
2T oY A = oYY I 7 ) S PP 89
Figure 65: Modified Cottrell-Louat segregation kinetics proposed by Lai et al plotted alongside

experimental strain-ageing data........cci i e e s e e e rraeeesne 90
Figure 66: Diagram illustrating the dissolution of transition carbides due to carbon gradients induced by
strain tempering taken from Kalish and CONEN .........coiiiiiiii i et 92
Figure 67 a,b: Evolution of the mobile (left) and forest (right) dislocation densities with strain as
described by Kubin and ESTriN [117] ...ttt e et e e s e tte e e s et e e e e satae e e sntaeeesntaeeesntaeeesanes 94

Figure 68 a,b: Duplicate calculations for the evolution of the mobile (left) and forest (right) dislocation
densities in a given system as described by Kubin and EStrin ........cccccvviiiiiiiiiiei i 95
Figure 69a,b: Evolution of the mobile (left) and forest (right) dislocation densities before and after
simulating 90% diSIOCAtION [OCKING .....viiiiiiieiiiiee e e e e s e e s sbeee e s sneeeeesanes 95
Figure 70: Modeling of the transient stress behaviour in an aged sample as a result of evolving

(o 11 [ Tor= 1 To g We [=Y o K] 1 =3P 97
Figure 71: SEM fracture image for a sample deformed to 1% and aged at room temperature for 650



Acknowledgements

“If I have seen further, it is by standing on the shoulders of giants”

-Sir Isaac Newton

The author gratefully acknowledges the guidance and support of his advisor Dr. H.

Zurob, without whom this work would not have been possible.

Additional thanks are due to Dr. J. D. Embury, Dr. O. Bouaziz, and Dr. Y. Brechet for

many stimulating discussions and valuable input.

Other individuals deserving of thanks are Dr. M. Bruhis for his assistance with
mechanical testing, and Chris Butcher of the CCEM for performing the electron backscatter

diffraction.

Thanks are also owed to Dr. R. Panza-Giosa of United Technologies Aerospace Canada

for providing the material used in this work.



Chapter 1 - Introduction

Martensitic steels have been the subject of intensive study over the years, due to their
incredible properties, including low cost and an exceptionally high strength-to-weight ratio,
among others. These properties make martensitic steels ideal for applications that require very

high strength, such as aircraft landing gear and structural members in automotive applications.

In spite of the significant body of work performed on martensite, there are still a
number of open questions regarding the structure and properties of martensitic steels, and
how they are influenced by deformation. This work revisits the work done on martensite using
modern tools in an effort to more clearly define the mechanical properties such as strain rate
sensitivity at room temperature. A primary goal of this work is also to determine how the
mechanical properties and plastic behaviour are influenced by strain ageing. Once these effects
are determined, this work aims to describe them in terms of fundamental solute-dislocation

interactions and dislocation evolution behaviour.

The material used for this study was 300M steel, a silicon modified variant of AlISI 4340
which was supplied by United Technologies Aerospace Canada. The as-received condition of the
material was that of tempered martensite, and this was left unchanged in the bulk of the

following work.

The first section of this work contains a survey of the wide body of existing literature on
ferrous martensite, including its microstructure, properties, and response to plastic
deformation. Following the literature survey, a description of the experimental methodology is
included, followed by characterization studies of 300M in its as-received condition. A study on
the plastic deformation and ageing of martensite is then presented, followed by discussion and
interpretation of the experimental results. A series of models based on fundamental aspects of
dislocation behaviour are developed, and the effect of strain ageing on the mechanical
behaviour and fracture are summarized. Finally, the notable aspects of this work are

summarized.



Chapter 2 - Literature Review

The following is a brief survey of the vast body of work which has been performed on
ferrous martensite. The focus of this section is on describing the structure and properties of
martensite in both the tempered and un-tempered condition. The mechanisms responsible for

the deformation and fracture behaviour of martensite are also examined.
2.1 Structure of Ferrous Martensite

2.1.1 Characteristics of As-quenched Martensite

Ferrous martensite is a metastable phase which forms in iron-carbon systems when the
material is rapidly cooled from the face centered cubic austensite (y) phase. Martensite forms
upon quenching below the Mg temperature, a composition and stress dependent parameter
[1]. The martensitic transformation occurs via a diffusionless displacive transformation resulting
in a body-centered-tetragonal crystal structure. The transformation does not proceed to
completion however, as some of the parent austenite phase remains after the martensitic
transformation has occurred. Due to the diffusionless nature of the transformation, both the
retained austensite and martensite phases are identical in composition [2]. The resulting
microstructure of martensite is complex and varied on multiple length scales, but can generally

be categorized as either lath or plate martensite.

Lath martensite is a hierarchical structure consisting of features on different length
scales, namely prior austenite grains, packets, blocks, and laths [3] [4]. The finest unit of this
structure is the lath, which has a width of 0.1-0.2um. Laths are oriented nearly parallel to one
another, having a misorientation of less than 3° [3]. Laths are contained within blocks, which
have an average misorientation angle of approximately 7° [4]. Morito et al also observed that
blocks were divided by sub-blocks, which exhibit a misorientation of about 10.5° [3]. Multiple
blocks with one of six possible orientations then make up a packet, which is the largest sub-
division of a prior austenite grain [3]. A schematic representation of the structure of lath

martensite is shown in Figure 1.



prior austenite grain boundary

packet

Figure 1: Representation of the structure of lath martensite taken from Du et al [5]

The structure of plate martensite differs in that it consists of relatively thicker “plates”
which are not similar in orientation [6]. The type of martensite which forms in a material is
strongly dependent on composition. Both types occur in iron-carbon systems, with lath
martensite forming in dilute solutions, while plate martensite dominates at high carbon
concentrations. Images of lath and plate martensite taken from Marder and Krauss [6] are

shown below in Figure 2.

Figure 2: Optical microscope images of lath martensite in 0.2%C steel (left) and plate martensite in an Fe 13.9% Mn alloy (right)

taken from Marder and Krauss at 205x magnification and 1000x magnification, respectively



2.1.1.1 Redistribution of Carbon during Quenching of Martensite

The redistribution of carbon atoms during the quenching of martensite was observed as
early as 1920’s. Rawdon and Epstein noted that significant carbon segregation occurred upon
guenching to form martensite [7]. This redistribution occurs in steels with M temperatures
above room temperature and is known as “auto-tempering”. The elastic stress fields of defects
such as dislocations and grain boundaries offer favorable interstitial sites for carbon atoms,
providing a driving force for the redistribution of carbon during both quenching and subsequent
tempering [8] [9]. Morsdorf et al determined the expected diffusion distance for carbon atoms
which redistribute themselves during quenching as a function of the transformation
temperature (M;) and the cooling rate [10]. They found that the strong auto-tempering

occurring in martensite can reduce the matrix carbon content to ~0.15 at% C in certain regions.

M, > 423 423 > M,
400 4 ~ 400
350 4 - 350
o O
g 300+ F300 g
8 8
— —
2501 | ——-10Kss 50nm 250
-100 K/s
200 4 —-1000 K/s 29,9, . L 200
0 1 2
Mf -=>179 —71 r 1 1t r 1 T 1 717 179 > Mf

0 2 4 6 8 10 12 14 16 18 20
C diffusion distance until RT (um)

Figure 3: Diffusion distances of C in low carbon martensite for varied cooling rates below M, [10]

Speich studied the redistribution of carbon using electrical resistivity and internal
friction measurements, and found strong evidence for segregation to lattice defects [9]. Speich
calculated that in steels with carbon contents less than 0.2 wt%, almost 90% of the carbon
segregates to lattice defects during the quenching process, whereas for steels with greater than

0.2% C, the defects become saturated and carbons atoms remain in the bulk [9] [11].



Calculations performed by Kalish and Roberts provide a theoretical framework for the
measurements obtained by Speich, demonstrating that 85% of interstitial carbon will be
segregated to dislocations at equilibrium in steels containing <0.2 wt% C [12]. The percentage
of interstitial carbon segregated to dislocations decreased to 66% for a 0.8 wt% C martensite
whose substructure contained 35% twins [12]. It should be noted however that Kalish and
Roberts only considered segregation of carbon to dislocations, and excluded other defects.
Their conclusion that the majority of carbon atoms are redistributed to dislocations was correct
however, and has since been confirmed by imaging atom probe (IAP) and field ion microscopy

(FIM) studies conducted by Chiang et al [13].

While the bulk of carbon atoms segregate to dislocations during and after quenching,
carbon redistribution to other defects has also been identified. Allain et al detected carbon
segregation to nanotwins [14], and Hutchinson et al discovered segregation to planar defects

having a length scale consistent with the lath width in their microstructure [15].

2.1.1.2 Dislocation Populations and Structure

Lath and plate martensites have different structures as well as dislocation populations.
The dislocation behaviour of both lath and plate martensite in Fe-Ni-Mn alloys was investigated
by Wayman and various co-authors using transmission electron microscopy [16] [17] [18].
Wakasa and Wayman determined that the dislocation densities of lath and untwinned plate
martensite were about 4.8 x 10*/m? and 7.2 x 10%3/m? respectively, and that screw
dislocations made up the bulk of the population [17]. Morito et al noted slightly higher
dislocation densities in Fe-C alloys, finding a maximum average dislocation density of 3.21 x
10°/m? in as-quenched lath martensite [19]. A recent study by Berecz et al [20] reported a
dislocation density of 3 x 10"/m? in ferrous lath martensite, supporting the results of Morito

and colleagues.



Dislocation density [x10™* m™]
Alloys Aver. Max. Min.
Fe-0.0026C 6.5 6.9 5.5
Fe-0.18C 11.1 13.3 8.9
Fe-0.38C 14.2 16.1 12.4
Fe-0.61C 32.1 41.1 22.7
Fe-0.78C 235 30.1 18.1
Fe-11Ni 3.8 4.8 2.6
Fe-15Ni 6.5 7.0 5.6
Fe-23Ni 10.2 124 8.5
Fe-31Ni* 2.8 3.2 2.4

* Lenticular martensite

Table 1: Observed dislocation densities in Fe-C and Fe-Ni lath martensites as calculated by Morito et a/

Morito and colleagues attributed the higher dislocation density in lath martensite to the
plastic accommodation of transformation strain in the martensite, and also noted a slight

concurrent increase in dislocation density with increasing solute content [19].

2.1.2 Tempering of Ferrous Martensite

This work distinguishes between the terms ageing and tempering using the classical
terminology which describes ageing as any process occurring below 100°C and tempering as
processes which take place above 100°C. This arbitrary distinction separates the region
dominated by the diffusion of carbon, which occurs at and below 100°C from the region in

which the formation of carbides takes place.

Ageing and tempering are known to significantly influence the microstructure and
properties of as-quenched ferrous martensite. Winchell and Cohen first examined the ageing
process in as-quenched martensite, and discovered increases in hardness and electrical
resistivity after ageing between -60°C and 100°C [21]. Efforts to understand the exact nature of
the changes in structure have not been conclusive, but have positively confirmed that a notable
fraction of carbon segregates during low temperature ageing [22]. Nagakura et al identified the
formation of carbon atom clusters, followed by the development of a modulated structure with
enriched regions containing up to 10-16 at% carbon [23]. Studies conducted using differential

scanning calorimetry [24] and Md&ssbauer spectroscopy [25] imply that carbon diffusion is the
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controlling process for the formation of such a modulated structure. This conclusion was
reached by comparing the measured activation energy of the aforementioned processes to the

activation energy for carbon diffusion in ferrite [23] [25].

Atom probe studies of as-quenched and tempered martensite conducted by Badinier
[22], Danoix [26], and others illustrate the segregation of carbon which takes place as

martensite is tempered.

10 nm'

Figure 4: 3D atom probe images of as-quenched martensite (left) and martensite tempered at 120°C for 8 hours (right) taken
from Badinier [22]

2.1.2.1 Stages of Tempering
As mentioned previously, the segregation of carbon occurs in martensite as it is aged
and tempered. A number of additional transformations occur during the tempering process as

shown below.

The first process that occurs during the tempering of ferrous martensite is the
precipitation of transition carbides. The exact nature of these carbides has been a matter of
some debate, and their structure has not yet been positively identified. Jack [27] described
what he called e-carbide, with a stoichiometry of Fe, 4C and a hexagonal close-packed structure,
while Hirotsu and Nagakura [28] identified an orthorhombic structure with a stoichiometry of
Fe,C that they named n-carbide. More recent work using 3D atom probe analysis, however,

casts some doubt on these stoichiometries due to a continuous increase in local carbon



concentration after ageing at room temperature for up to 1000hrs [29]. As such, the

composition and structure of these transition carbides is still unknown.

Tempering Phenomenon Temperature
stage Range

Al Cluster formation + segregation -60°C - 0°C
A2 Ordering + segregation 0°C - 80°C
T1 Precipitation of e or n-carbides 80°C - 150°C
T2 Transt. of retained ~ 150°C - 250°C
T3 Precipitation of 6 150°C - 700°C
T4 Coarsening, recovery, recrystallization — 400°C - 700°C

Table 2: Ageing and tempering processes occurring in ferrous martensites originally published by Leslie and Sober [30] and
taken from Badinier [22]

The second process occurring during the tempering of martensite is the decomposition
of the retained austensite phase. As noted earlier, the martensitic transformation only rarely
proceeds to completion, leaving some of the parent austenite in the microstructure. Tempering
the as-quenched microstructure at a composition-dependent elevated temperature then

causes the austenite to decompose into ferrite and cementite phases [31].

After the decomposition of retained austenite, the final precipitation step occurs,
wherein the small transition carbides become orthorhombic cementite (FesC). Cementite
initially forms as a rod-shaped precipitate in martensite, but tends to spheroidize as the

tempering temperature increases [32].
2.1.2.2 Heat Treatment and Tempering of AISI 4340 and 300M Steels

High strength steels have been the subject of intensive study in the field of materials
science due to their useful combination of properties. Two such steels are AISI 4340 and 300M,
a silicon-modified variant of the former steel. Both steels have been investigated thoroughly in
order to maximize their considerable strength and to quantify the so called “temper

embrittlement” associated with them in certain tempering ranges.



The effect of austenitizing temperature on 4340 steel was investigated by Lai et a/, and
it was determined that austenitizing at temperatures above 870°C resulted in the formation of
relatively thick interlath films of retained austenite when compared to lower austenitizing
temperatures [33]. These austenite films did not affect the yield strength but increased the
fracture toughness in the as-quenched condition. Toughness testing performed by Datta,
however, determined that under blunt notch testing conditions, the toughness of the lower
austenitizing temperature was superior due to the influence of prior austenite grain size [34].
Datta also identified the formation of transition e-carbides as being responsible for a significant
increase in toughness [34]. As mentioned above, transition carbide formation occurs in the
early stages of tempering [35] at temperatures up to approximately 200°C in 4340 steels [36]
[37]. At temperatures exceeding this value, interlath austenite decomposes into cementite and
ferrite, which is one of the processes responsible for tempered martensite embrittlement. The
effect of tempering on precipitate formation and retained austenite fraction was also
investigated by Balestrino and Cavallini using Moéssbauer spectroscopy [37]. They determined
that tempering 4340 for 2 hours at 200°C resulted in a retained austenite content of 5%, while
increasing the temperature to 300°C eliminated all retained austenite and resulted in the

precipitation of cementite.

The composition of 300M steel is almost identical to that of AISI 4340, with the
exception of much higher silicon content. This additional silicon has a significant effect on the
retained austenite content of the material, as noted by Vajda et al [38]. Their study of 4340
steel with 1-1.5 wt% Si revealed that the amount of retained austenite in the quenched
material increased significantly with increasing silicon content, particularly as the cooling rate
decreased [38]. The authors also noted an initial rapid increase in hardenability which
decreased as additional silicon was added. Both the increased hardenability and retained
austenite fraction were noted by Shih et al, who studied 4340 and 4325 steel containing 1.5%
silicon by weight [39]. In addition to the above effects, silicon also significantly increases the
temperature at which transition carbides dissolve and cementite precipitates develop to 425°C
[40]. This phenomenon is commonly attributed to the low solubility of silicon in cementite,

which requires the silicon to be rejected before cementite can precipitate. Horn and Ritchie



also studied the effect of tempering on the retained austenite fraction in 300M after quenching
from an austenitizing temperature of 870°C as shown below [40]. It should be noted however

that the steel examined by Horn and Ritchie contained only 1.3 wt% silicon.
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Figure 5: Retained austenite fraction in 300M steel after tempering and deforming taken from Horn and Ritchie [40]

In 300M steels, the presence of e-carbide was detected when tempering between 200-
425°C by Youngblood and Raghavan [41]. This result has recently been supported by the work
of Liu et al, who also noted that the e-carbide was transformed to cementite upon tempering
above 350°C [42]. Padmanabhan and Wood investigated the austenitizing and tempering cycles
of 300M, highlighted the significance of the structure of martensite and determined that cyclic
heat treating increased the strength of 300M by refining the lath width and prior austensite
grain size [43]. The authors also discovered that including an intermediate heat treatment
(holding at 650°C for one hour) after quenching and before tempering improved strength as
well as ductility and fracture toughness [43]. The improved properties were said to be due to

the refinement of the prior austensite grain size and substructure [43].

10



2.1.2.3 Temper Embrittlement of Martensite

While tempering is commonly performed in order to increase the ductility of martensitic
steels, not all tempering treatments are beneficial to the mechanical properties of martensite.
As such, tempering treatments must be selected with care. Temper martensite embrittlement
(TME) is a well established phenomenon that occurs in ferrous martensite, and results in a
decrease in fracture toughness in previously ductile tempered martensitic steel. A number of
studies were performed on AlSI 4340 and 300M steels in order to determine the mechanisms
responsible for the embrittling behaviour. Krauss [44] illustrated the dependence of

embrittlement on both tempering temperature and carbon content, shown below in Figure 6.
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Figure 6: Fracture mechanism diagram for martensitic steels, dependent on wt% C and tempering temperature as proposed by

Krauss [44]

An investigation by Horn and Ritchie observed that the decrease in fracture toughness
was due to the replacement of e-carbide with interlath cementite and the mechanical instability
of interlath retained austenite [40]. Horn and Ritchie also examined the effect of silicon on

4340 and found that while silicon promoted the segregation of impurities to grain boundaries,

11



it also increased the temperature required to initiate embrittlement due to the low solubility of

silicon in cementite.

Krauss and Materkowski later concluded that the mechanism of brittle failure associated
with the mechanism responsible for embrittlement was the simultaneous formation of grain
boundary carbides and impurity segregation [36]. McMahon and Banyopadhyay [45] agreed
with the mechanism proposed by Krauss and Materkowski, but concluded that the
transformation of retained austenite was not a significant cause of TME as proposed by Horn

and Ritchie, but merely an accompanying process after a more rigorous investigation.

2.2 Mechanical Properties of Martensite
Martensite is a complex phase with a number of properties that made it ideal for a large
number of engineering applications [46]. High strength and hardness in particular are desirable

properties, which are due to a number of microstructural and compositional features.

2.2.1 Strengthening Mechanisms

As mentioned above, martensite is known for its very high strength, particularly in the
as-quenched state. Leslie and Sober [30] examined ferritic and martensitic steels of varying
composition and determined the relative contributions to their respective strengths as shown

below.

ATISI Component ATSI
4310 (MPa) 4340 (MPa)
620 Fine structure 620
205 Dynamie strain aging 205
345 Work hardening 240
Segregation of C

atoms during the quench 760
Solid solution 415
1170 0.2% offset yield strength 2240

Table 3: Strengthening mechanisms for 0.1wt%C AISI 4310 and 0.4wt% AISI 4340 as-quenched lath martensites as originally
recorded by Leslie and Sober and recently published by Badinier
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Notably, Leslie and Sober determined that the fine structure was the dominant strength
factor for low carbon martensites (C< 0.15 wt%), while in medium and high carbon martensites

(C> 0.3wt%) the rearrangement of carbon and dislocations was the dominant factor [30].

2.2.1.1 Structure and Substructure Strengthening

As mentioned above, the microstructure of martensite is varied and complex. This
complex structure is responsible for many of the observed properties of martensite, on both
the macro and micro scales. The structure of a material contributes significantly to its strength,
and Christian suggested a Hall-Petch effect due to lath boundaries for martensite [47]. He also
noted that the martensite lath size is dependent on both the amount of carbon and the prior

austenite grain size in a material [47].

Although it is difficult to isolate the contribution of microstructure to the strength of
martensite, several authors have managed to assess its influence by creating carbon free
martensite. Vyhnal and Radcliffe used heat treating and hydrostatic pressure to produce a lath
martensite free of carbon and determined that if the material was subsequently annealed
under atmospheric pressure, it became softer [48]. While no explanation for this behaviour was
given, Kang et al recently confirmed that the refined lath structure due to high-pressure
treatment was responsible for the higher hardness [49]. Kang et al [49] measured a hardness of
218 HV, compared to the value of approximately 200 HV measured by Vynhal and Radcliffe
[48]. If these hardness values are examined using the equivalent 0.2% offset stress calibration
curve developed by Speich and Warlimont [50], values of 500MPa and 430MPa are obtained
[51]. These measurements show good agreement with the data of both Chilton and Kelly [52]
and Speich and Warlimont [50] if their respective values are extrapolated to zero carbon, as

shown in Figure 7.
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Figure 7: 0.2% offset yield stress data for as-quenched low carbon lath martensites. Data originally published by Speich and
Warlimont [50] and recently reproduced by Badinier et al [51]

Leslie and Sober utilized a different method to create a lath structure, as they shock-
loaded an interstitial free steel and found its hardness to be 230 HV [30]. While this value is
very similar to the hardness measurements of Vynhal and Radcliffe [48] and Kang et al [49], the
0.2% offset yield stress reported by Leslie and Sober was comparatively higher (670MPa) [30].
This result is not entirely unexpected, as Leslie and Sober noted that the higher dislocation
density and potentially larger population of twins caused by shock loading would result in an

upper limit for the strength of carbon free martensite.

The above results suggest that the fine structure contribution to the 0.2% offset
strength of lath martensite is in the range of 500-600 MPa. The work by Chilton and Kelly,
however, suggests that the structure of martensite has a negligible contribution to the strength
if the carbon content across various microstructures remains the same [52]. This conclusion is
reinforced by more recent work done by Shibata et al, which concluded that only block
boundaries were effective at opposing dislocation motion, while lath boundaries were not [53].
Work by Zhu et al reaches an opposing conclusion however, as the authors determined that

lath boundaries and dislocation cell boundaries are equally effective dislocation barriers [54].
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As such, while a relative measurement of the structural contribution to strength can seemingly

be made, the mechanisms which govern this contribution are still not fully understood.

2.2.1.2 Dynamic Strain Aging

Dynamic strain aging, also known as the Portevin-Le Chatelier effect, jerky flow, or
serrated flow is a phenomenon that occurs in steels and involves solute-dislocation interactions
as described by Cottrell [55] [56]. In this regard, dynamic strain aging (DSA) is similar to static
strain aging, which is responsible for Luders instabilities [57]. Both DSA and Luders instabilities

are due to propagating deformation bands, but only DSA instabilities are repetitive [57].

The importance of dynamic effects with respect to the flow stress was highlighted by
Leslie and Sober, who observed a transition from negative strain rate sensitivity at room
temperature to a positive sensitivity above a certain critical strain rate [30]. The contribution of
dynamic ageing observed by Leslie and Sober offers a significant contribution (205MPa) to the
strength of as-quenched martensite as shown in Table 3. Indeed, Tanaka and Spretnak
concluded that the flow stress increment (total stress minus the yield stress) in AISI 4340 steels
was dominated by contributions from dispersion hardening and dynamic aging, with the latter

being linearly proportional to the amount of carbon in solution [58].

Dynamic strain aging is associated with negative strain rate sensitivity [59], and is
strongly dependent on temperature and the strain rate. Mulford and Kocks illustrated the
strain-rate and temperature dependence of serrated flow by testing Inconel 600 at different
strain rates and temperatures, and this dependence is shown in Figure 8 [56]. In their work,

they observed dynamic strain ageing at temperatures greater than 100°C.
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Figure 8: Temperature and strain rate dependence diagram for FCC Inconel 600 taken from Mulford and Kocks

The results of Mulford and Kocks are in good agreement with those of Owen and
Roberts, who determined that serrated flow was dependent on the strain rate and testing
temperature, and that the activation energy for the process was similar to that of carbon
diffusion in ferrite [60] [61]. Both sets of authors demonstrated that increasing the testing
temperature promotes serrated flow if the strain rate is held constant. The influence of carbon
on dynamic strain aging was observed by Allain et al, who reported that dynamic aging was
present at room temperature in virgin 0.4 wt% C plate martensite, and that the effect vanished

after room temperature aging [14].

Mimura and Aoki determined that the flow stress in martensite was sensitive to the
strain rate due to solute atoms and the Snoek effect [62]. Mimura and Aoki also observed that
there was a region of strain rate where the stress was insensitive to strain rate, and that the

effect disappeared if the martensite was aged between 100-250°C [62].
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Owen and Roberts distinguished between two types of unstable flow in iron-carbon
alloys: jerky flow, which occurs as a result of the Snoek interaction, and serrated flow, said to
be the result of Cottrell drag of carbon and nitrogen atoms [60]. They also concluded that only
serrated flow occurs in martensitic structures and that the serrated yielding or flow starts and
ends at higher temperatures and strain rates in martensite than those required for ferrite at an
identical carbon concentration [60]. These different conclusions were drawn based on the fact
that Owen and Roberts consider a significant internal friction peak observed in martensite to be

due to Cottrell drag.

Rodriquez [63] and others identified and described several distinct types of serrated
flow based on observations during tensile testing, shown below in Figure 9. Each type is not
necessarily mutually exclusive, since certain types of serrations were observed to interact with
one another. The presence of serrations is due to the formation of localized bands of plastic
flow that propagate throughout the material. Indeed, the specific type of serrated flow can
often be identified using the propagation behaviour of the deformation bands. It is somewhat
unclear, however, if changes in the deformation bands are due to the evolution of certain band

types, the interaction of multiple types, or both.
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Figure 9: Types of serrated flow occurring in low carbon steels during tensile testing [63]

2.2.1.3 Solid Solution Strengthening

Alloying elements are frequently added to steels in order to modify both thermal and
mechanical properties. Elements such as silicon, nickel, and manganese exist in solid solution
and provide an increase in strength proportional to the amount of solute present in solution
due to lattice strains restricting the motion of dislocations [64]. The bulk of studies done on
solid solution strengthening in martensitic steels focus on carbon due to its strong effect on the
strength and properties of martensite. Krauss proposed the following relationship which
demonstrates that the yield strength is proportional to the square root of the carbon content in

the material [46].

002(MPa) = 413 + 1.72 * 103 (wt%C)°> 1]
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In addition to carbon, silicon and manganese have also been shown to notably increase
the hardness of martensite. Shih et al found that martensite could be hardened by up to 140
MPa through the addition of 1.5 wt% Si [39]. Krauss also determined that the addition of 4-6
wt% Mn could harden steels by 200 MPa, but the strengthening came at the cost of decreasing
the dislocation density [46]. The effect of nickel as a solid solution strengthener is less certain,
with conflicting reports about its contribution [65] [66]. Additionally, it has been claimed that
nickel reduces dislocation pinning, while silicon, chromium, and molybdenum inhibit cross-slip

[67].

2.2.1.4 Precipitation Strengthening
An alloy undergoes precipitation strengthening if tempering or heat treatment in a given

range produces increases in mechanical properties such as hardness or yield strength.

This topic has been reviewed by a number of authors and is generally well understood in
most systems [68]. The transition carbides in tempered martensite, however, have not been
studied in detail, and it is unknown whether or not the precipitates are shearable due to a lack

of detailed study [51].

Malik and Lund endeavored to explain the evolution of the 0.2% offset stress in a 0.42
wt% C steel by examining the precipitation of cementite and the dislocation densities after
tempering at various temperatures [69]. The authors used a modified Orowan equation to
measure the contribution of carbides to strengthening and x-ray diffraction to track the
dislocation density in the material. Using these methods, Malik and Lund determined that the
0.2% offset stress was directly linked to the carbide spacing and dislocation density. They also
concluded that the evolution of the 0.2% offset stress could be explained by the above factors

without including a structural contribution.

2.2.1.5 Carbon Segregation to Defects
The segregation of carbon atoms to dislocations was first examined and modeled by

Cottrell and Bilby [70]. They demonstrated that a substitutional atom in solid solution could
relieve hydrostatic stress based on its interaction energy relationship with a positive edge

dislocation by building on initial work by Cottrell [55]. Cottrell and Bilby described the
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segregation of a carbon atom to a positive edge dislocation as shown in Equation 2 for short

time ageing.

g)ZB [2]
kT

f =3G)"0(

In their segregation equation, Cottrell and Bilby used f to denote the fraction of
interstitial atoms segregated, p for the edge dislocation density, D to represent the diffusion
coefficient of carbon, t to indicate time, T for temperature, k for the Boltzmann constant, and A
for a parameter which describes the interaction energy between an interstitial atom and a
dislocation. While Cottrell and Bilby only considered interactions with edge dislocations,
Cochardt et al expanded their locking theory to include effects from screw dislocations and

impurity atoms [71].

Experimental work supports the theory of carbon segregation to dislocations proposed
by Cottrell and Bilby. Speich observed significant segregation to defects following both
guenching and tempering [11], and more recent atom probe measurements support these
conclusions [72] [73]. Wilde et al determined that essentially all carbon atoms were present in
Cottrell atmospheres in iron samples containing between 0.45-0.85 at% C, and that the

maximum carbon concentration at an atmosphere was approximately 8 at% [73].

Olson and Cohen suggest, however, that carbon clustering is more important than
carbon segregation until late in the aging process, even though both effects can occur
simultaneously [74]. A diagram for the formation of carbon clusters was created by Sherman et

al using resistivity measurements and can be seen in Figure 10.

20



Martensite Aging Martensite Tempering

Y
Virgin | Ret. { Cluster Formation ) Ist Stage 3rd Stage
Mart. “yJTrans. Small Larger € - Carbide
or * Clusters ™ Cluslers ~— S SIS conantite
Relaxgtion .
Q. 1 Low Tatragonality
- ! Martensite R
> e covery
L fo 1
E 14...; "
n | A
wn
nj pI
o

CHANGE
OF SLOPE

TIME OR TEMPERATURE

Figure 10: Resistivity curve taken from Sherman et al which interprets the changes occurring during the tempering of as-
quenched martensite [75]

Experiments performed by Cheng et al support the conclusion of Olson and Cohen, as
they determined that 0.21 at% C was segregated to defects by observing the decrease in unit
cell volume for high carbon martensites [76]. Cheng and others also observed that aging at
room temperature for 2 years led to coarsening of the carbon clusters, which aggregated with
iron [76]. While both phenomena appear to occur concurrently, Olson and Cohen noted that
the mechanisms governing the interaction (if any) between clustering and segregation are not

well understood [74].
2.2.2 Effect of Alloying Elements on the Structure and Properties of 300M

2.2.2.1 Effect of Alloying Elements on Structure and Properties

Magee and Davies and Sherman et al examined various lath, plate, and mixed structures
in iron-nickel-carbon martensites and determined that increasing the nickel and carbon
contents of steel promoted the formation of plate martensite over a lath structure [77] [75].
The work of Sherman et al in particular highlights the importance of composition with respect
to the structure of martensite, since the structure cannot be controlled by the quenching

treatment alone.

21



Silicon is another major alloying element in 300M, and it has a number of influences on
the mechanical properties of martensite, which have been studied by a number of authors [39]
[38] [41] [78]. The effects of silicon on the properties of martensite are relatively well
understood, in marked contrast to some other alloying elements. The addition of 1.5 wt% Si has
been shown by several authors to increase both the yield strength, ultimate tensile strength,
and the yield-to-tensile strength ratio without any loss of ductility [39] [38]. It should be noted,
however, that these increases in strength are highly dependent on the tempering treatment, as
certain tempering ranges yield worse mechanical properties than the case without silicon due

in part to the TME phenomenon discussed above.

The addition of silicon does not have an adverse effect on the mechanical properties of
martensite at room temperature. Vajda et al found that the ductility and toughness of samples
with 1 wt% Si added silicon increased when deformed at 100°C, but samples with 1.5 wt% Si
and samples tested at 20°C experienced no change in properties [38]. In some tests, the

addition of 1.5 wt% Si was actually found to increase the fracture toughness and ductility [38].

Silicon may have an influence on dislocation behaviour, however, as Kim et al showed
that silicon inhibits the recovery of martensite proportional to the silicon content of 0.5-0.6
wt% C steels [78]. The authors were not able to determine if the effect on recovery was due to
silicon, or an indirect effect due to the solid solution hardening it provides. A similar result was
reported by Wittig and Frommeyer, who determined that dislocation cross slip was reduced
with increasing silicon content [79]. Neither set of authors explained whether this effect was
unique to silicon, or simply a by-product of the solid solution strengthening. The effect of silicon

on recovery could be explained if silicon indeed reduces cross-slip as mentioned above [67].

2.3 Plastic Deformation of Martensite

2.3.1 Mechanisms of Deformation in Martensite

Magee and Davies studied the deformation of martensite, and found that the
mechanism governing the deformation was largely dependent on the structure [77]. They
examined lath, plate, and mixed martensites by altering the Ni content of the alloy, and used
optical microscopy to observe the deformation of each structure at room temperature. Magee
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and Davies determined that in low carbon plate martensites, the deformation was due to wavy
dislocation slip, but above 0.4 wt% C deformation was entirely due to twinning [77]. They also
found that in lath martensite containing less than ~0.6 wt% C, deformation occurred by
dislocation slip, while mixed microstructures with more than 0.4 wt% C deformation occurred

by wavy slip in the laths but twinning in the lenticular regions [77].

Swarr and Krauss also studied the deformation of martensite at room temperature and
after tempering at 400°C for a very short time [80]. Using transmission electron microscopy,
they studied the dislocation population, carbides, and lath structure of both tempered and as-
guenched martensite [80]. In deformed as-quenched martensite, dislocations were arrayed in
cells inside the martensite laths, while after tempering their distribution was much more
uniform [80]. This corresponds to the strong dependence of flow stress on packet size observed
in as-quenched martensite, which decreased with increasing deformation, and the absence of a

packet-size dependence in the case of tempered martensite [80].

2.3.1.1 Yielding Behavior of Martensite

Muir et al studied the elastic limit of quenched and low-temperature-tempered steels
and found that it was notably lower than the 0.2% offset stress in the material, though it
increased proportionally with tempering temperature [81]. They ascertained that this was due
to the relaxation of internal stresses brought about by the tempering process. Zaccone and
Krauss had a different explanation for the behaviour however, stating that the low elastic limit
found in low-alloyed martensitic steels was caused by the stress-induced transformation of

retained austenite [82].

A lengthy elasto-plastic transition has been observed in tempered martensite by several
authors, who attributed the behaviour to macroscopic residual stresses present in the
microstructure after tempering [30] [81] [83]. The presence of residual stresses was observed
by Snyder, who noted that the surfaces of large as-quenched martensitic samples were in a
state of residual tension, while the core was in compression [84]. Snyder also determined that
these residual stresses could be relaxed after tempering between 200°C and 500°C for a period

of 1 hour [84]. Stress relaxation was also observed by Taylor et al, who found that low
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temperature tempering (150°C - 200°C) could relax the stresses they found in polished

specimens [85].

Allain et al also studied the elasto-plastic transition in martensite, and they attribute this
behaviour to significant heterogeneity in the microstructure, where microstructural elements
yield at widely varying flow stresses [86] [51]. In practice, this theory has been very effective at

describing the drawn-out elasto-plastic transition observed in martensite [51].

2.3.1.2 Work Hardening Rate

Several authors have investigated the work hardening of martensite, including Swarr
and Krauss [80], and Saeglitz and Krauss [87]. The lengthy elasto-plastic transition observed
during testing in this work was also prominent in the data of both authors, and is similar to the
results obtained by Leslie and Sober on shock-loaded interstitial-free steel as mentioned
previously [30]. Saeglitz and Krauss noted an increase in the work hardening rate (WHR) with
increasing carbon content, which they attributed to a larger population of transition carbides in
the higher carbon steels [87]. Additionally, the work hardening rate was observed to decrease
as tempering temperature and time were increased [87]. The decrease in WHR with increased
tempering was attributed to the coarsening of transition carbides, and the contribution due to
dynamic strain aging was discussed due to carbon remaining in solid solution after aging at low
temperatures [87]. Unfortunately, this potential contribution was not quantified or studied

further.

2.3.1.3 Effects of Plastic Constraint

The influence of plastic constraint on the deformation and fracture of metals has been
extensively studied in recent years. Roy and Narasimhan noted that the level of constraint can
significantly alter ductile fracture processes [88], despite the fact that fracture toughness is
frequently considered to be a material parameter. A plot of fracture toughness demonstrating

the effect of constraint on fracture is shown below in Figure 11.
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Figure 11: Plot of fracture toughness versus constraint taken from Nyhus et a/

It is apparent that the geometry used to test a material influences the fracture
toughness. Notably however this effect should not be large in ductile materials [89].
Additionally, compact tensile specimens are the most frequently used geometry for fracture

testing due to their low cost, so estimates for toughness are frequently conservative [89].

2.3.1.4 Effects of Triaxiality and Hydrostatic Pressure

The effects of hydrostatic pressure on the plastic deformation and fracture of metals
have been well-documented in literature. At elevated temperatures (~0.7T/T.,), pressure can
also reduce the rate of diffusion by reducing the concentration of vacancies and increasing the
required activation energy [90]. These effects are minimal at ambient temperature in most
cases, and as such can be neglected. The fracture strain of ductile metals and alloys is more
strongly affected by hydrostatic pressure, and increases linearly with pressure in most cases

[90].

The influence of sample geometry and the subsequent state of stress have a significant
impact on the mechanical properties of a material. For example, stress triaxiality is dependent
on the stress state in a material and determines the assumptions that can be made about
plastic flow based on the number of dimensions in which flow is unconstrained. The stress state
in a material can be altered by varying sample geometry or the applied loading conditions.

Triaxiality (n), or triaxial tension is defined as the hydrostatic stress divided by the equivalent
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stress and void growth models such as the one suggested by Rice and Tracey [91] have found

that the rate of void growth is exponentially dependent on the triaxiality [92].

Triaxiality was initially investigated by Bridgeman, who considered the triaxiality which
occurs during the necking of round samples [93]. Bai and Wierzbicki later performed tests on
various aluminum alloy samples with varied geometries and developed expressions for the
stress triaxiality parameter n for each [92]. Bao and Wierzbicki then expanded on this work by
creating an equivalent failure strain versus stress triaxiality using various types of loading and

sample geometry as shown in Figure 12 [94].
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Figure 12: Equivalent failure strain versus average stress triaxiality diagram for aluminum 2024-T351 created by Bao and
Wierzbicki

It should be noted that this diagram is unique to the specific aluminum alloy since the
fracture locus is highly dependent on material properties, but a similar diagram can be created
for other ductile materials using the same process as Bao and Wierzbicki. Increasing stress
triaxiality can be seen to decrease the fracture strain in notched or necked samples due to
plastic constraint, but increased triaxiality does not reduce ductility. Instead, low values of

stress triaxiality have been shown to increase ductile fracture in aluminum alloys [94]. This work
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helps to highlight the importance of considering effects such as plastic constraint and the state

of stress on the final failure of materials.
2.3.2 Effect of Plastic Deformation on Microstructure

2.3.2.1 Effect of Plastic Deformation on Precipitates

The effect of plastic deformation on carbides and precipitation in steel has been studied
by numerous authors [95] [96] [97]. Wilson found that by plastically deforming and tempering
as-quenched martensite, the precipitation of e-carbide was inhibited and the first stage of
tempering described above was bypassed [95]. Additionally, Wilson found that if martensite
was tempered to precipitate e-carbide and subsequently deformed, the transition carbides
were dissolved [95]. This phenomenon was elegantly demonstrated by Cohen, who tempered
and then indented martensite to find that all the carbides in a 0.45 wt% C were dissolved upon
re-tempering [96]. Wilson and Cohen cited the strong interaction energy between a carbon
atom and a dislocation as described by Cottrell as the reason for this behaviour. Kalish and
Cohen further investigated the strain tempering of martensite, and found that e-carbides were

dissolved after deformation and re-tempering of tempered martensite [97].

2.3.2.2 Effect of Plastic Deformation on Retained Austenite

Plastic deformation has been shown by Horn and Ritchie to decompose retained
austensite in aircraft quality 300-M steel [40]. They argued that the presence of mechanically
unstable austenite was detrimental to the mechanical properties since the transformation
product is untempered martensite. The mechanical stability of austenite was also investigated
by Sastry et al, who found that the fraction of retained austenite in AlSI 4340 was unstable and

decreased with increasing deformation, regardless of the mode of loading or deformation [98].
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Figure 13: Retained austenite fraction in quenched and tempered AlSI 4340 as a function of deformation, taken from Sastry et
al

While it is agreed that the retained austenite in martensitic steels is mechanically
unstable, the effects of retained austenite and its transformation product on mechanical
properties are unclear as authors have reported both beneficial [33] and detrimental effects

[40].

2.3.3 Strain Ageing of Martensite

Strain ageing is the process of deforming a material and holding under fixed conditions
such as temperature and applied load. The strain ageing of martensitic steels has been
investigated by numerous authors, with fairly consistent results. Many studies reported that
strain ageing of low alloy steels such as AISI 4340 resulted in an increase in yield strength,
tensile strength and yield to tensile ratio without a significant loss of ductility, as evidenced by
only minor decreases in failure strain [99] [100] [67] [101] [102]. Stress-strain curves for strain-

aged steels are shown in Figure 14 [103].
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Figure 14: Stress strain curves for strain aged steel

2.3.3.1 Mechanism of Strain Ageing
In all studied cases, deformation followed by holding at room temperature or “strain
ageing” was observed to increase the yield strength of the material upon re-loading in the same

direction as the pre-strain. The mechanism(s) for this behaviour are a matter of some debate.

Two major mechanisms are responsible for the increase in yield stress which occurs in
strain-aged steels the first being the stress induced ordering of solute atoms known as Snoek
ordering, and the second being the formation of dislocation atmospheres described by Cottrell
and Bilby [70]. Wilson and Russell postulated that the initial increase in yield strength which
occurs after strain ageing was due to the local ordering of solute atoms, or so-called Snoek
ordering [100]. This was due to the fact that the yield increase occurred too rapidly to be
diffusion based, and also that the magnitude of the increase was proportional to the amount of
carbon in solution [100]. Additionally, the rate of the initial increase was found to be
proportional to the time required for a single atomic jump by a carbon atom [100]. Imanaka
and Fujimoto agreed with the mechanisms proposed by Wilson and Russell, but argued that the

initial increase in yield stress due to Snoek ordering was proportional to t1/3, not t3 as originally
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proposed [104]. It should be noted that the ageing experiments performed by Imanaka and
Fujimoto were conducted while the material was under load, while Wilson and Russell
conducted both loaded and unloaded ageing experiments [104]. Thus, it is possible that both
sets of authors are correct, and that ageing under load is responsible for the differences in
observed yield stress behaviour. This follows from the conclusion of Wilson and Russell that the
increase in yield stress was larger if samples were held under load during ageing [100]. Wilson
and Russell also attributed a portion of the rapid increase in yield strength for unloaded
samples to be due to the rearrangement of dislocations upon unloading proposed by Haasen

and Kelly [105].

The second contribution to the strengthening of steel following ageing is the Cottrell
mechanism, namely the segregation of carbon to dislocations discussed in detail in section
2.2.1.5. This mechanism has a larger contribution to the increased yield strength than Snoek

ordering, and is generally agreed to have a time dependence of 23 [100] [104].

Some other authors disagree with the Cottrell mechanism as an explanation for the
ageing behaviour however. Elliot et al argued that the Cottrell mechanism could not be
responsible for the strengthening and absence of a yield point observed after ageing due to the
fact that strengthening is not observed if the material is deformed in a direction opposite to the
pre-strain direction [106]. Results from their strain reversal testing are shown below in Figure

15.
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Figure 15: Strain-reversal torsion tests performed by Elliot et al that illustrate the differences in mechanical behaviour which
are dependent on the direction of pre-strain and subsequent re-loading. Dotted lines represent cases where the direction of
strain was opposite to the initial strain [106]

In order to explain the lack of an observed yield point during strain-reversal testing,
Orowan [106] subscribed to the dislocation multiplication theory proposed by Johnston [107]
instead of the dislocation locking model originally proposed by Cottrell and Bilby [70].
Johnston’s theory that the yield stress of a material was not based on the state of pinning of
dislocations was based on earlier work by Johnston and Gilman which demonstrated that the
flow characteristics of LiF crystals were primarily dependent on the dislocation density and
mobility in a crystal [108]. Following this work, Johnston demonstrated that a yield point could
also be duplicated in the absence of dislocation pinning, and thus the upper yield stress of a

material was not unambiguously linked to the stress required to pin dislocations [107].

2.3.4 Fracture of Martensite

The mechanisms governing the fracture of martensite have been rigorously examined in
the literature, particularly the cases pertaining to the temper embrittlement phenomenon

discussed above.

Studies performed by Krauss have demonstrated that martensite containing less that
0.5 wt% carbon is ductile at room temperature, and if the carbon content is increased the steel

experiences intergranular fracture at the prior austenite boundaries [46] [109]. The effect of
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other alloying elements cannot be discounted, however, as Bandyopadhyay and McMahon
demonstrated that silicon and manganese can act as embrittling agents as well as sulfur and
phosphorus [45]. While steels with appropriately low carbon content are ductile at ambient
temperature, Saeglitz and Krauss reported brittle fracture mechanisms in as-quenched AlSI
4340, which they attributed to dynamic strain aging [87]. The authors observed a full

restoration of ductile behaviour after tempering, however.

Krauss and Saeglitz [87] also identified the importance of transition carbides in
determining the failure mode of 43xx steels. They concluded that tempered specimens almost
exclusively failed by micro-void nucleation at precipitates and inclusions [87], a conclusion

reached earlier by Zok [90].

2.4 Open Questions Regarding Martensite

While 300M and its parent steel 4340 have been subjected to fairly intense scientific
study, the complex structure and properties of the material have thus far resisted complete
understanding. The strain rate sensitivity of 300M at room temperature is not clear for
example, as prior work has been unable to classify the strain rate sensitivity of its parent
material, AISI 4340, at room temperature. Leslie and Sober were able to classify the strain rate
sensitivity of steels containing 0.1-0.3 wt% C at room temperature, but were unable to identify

a trend in 4340 which contains 0.4 wt% C.

The subject of static strain ageing has also been examined by numerous authors who
have studied 4340 or 300M, and while most authors attribute the effects of strain ageing
(increased yield strength, tensile strength and decreased ductility) to solute-dislocation
interactions [110], little work has been done on modeling the effects of deformation and
ageing. A number of aspects of strain ageing also merit further experimental study, including
the effects of strain ageing on the strain rate sensitivity and Portevin-Le Chatelier behaviour,
which are investigated in this work using digital image correlation (DIC). The influence of strain
ageing on the fracture of martensite is also not fully understood. Each of these topics is
addressed in this work using experimental observations and modeling, and an effort is made to

explain observed behaviour.
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Chapter 3 - Experimental Methodology

This section describes the techniques and methods used to prepare, test, and
characterize the 300M steel used in this work. The specimen geometries used throughout this
thesis are catalogued in section 3.1, and the tensile equipment and methods used to test them
are described in section 3.2. Finally, section 3.3 contains information on the scanning electron
microscopy and electron backscatter techniques used to characterize and examine failed

samples and the as-received condition of 300M.

3.1 Sample Geometries

The specimen geometry used for the bulk of the experiments conducted in this work
was that of a smooth round sample. The round sample geometry is shown in Figure 16a. Round
notched specimens were also produced in order to determine the effects of the stress state.

The notched geometry can also be seen below in Figure 16b.
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Figure 16a,b: (a) Round sample geometry with measurements denoted in inches (left) and (b) round notched geometry with

measurements also displayed in inches (right)
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Not all experiments could easily accommodate round geometries however, so flat
samples were also produced as shown in Figure 17. The thickness of the samples was 1mm,
with the exception of thicker samples produced to examine potential localized plasticity and
dynamic effects. For these few samples, the thickness was increased to 3mm in order to aid

observation via digital image correlation (DIC).

| | 375
- i~

=

um

™
= —
2
b
= 1
b}
w—i 5
=]
3| 2o 250
= U= g - =
S| o< =
o ’%IJ‘_' Qﬁ'/ =t
“51 & *
)
5 J—
&l
)
= o

umy

o

=

0.375

Figure 17: Flat tensile sample dimensions given in inches

3.2 Tensile Testing

The bulk of the mechanical tension testing performed in this work was performed on a
100kN Instron tensile frame with an accompanying extensometer. Samples were loaded to
various levels of strain and then unloaded and held for differing amounts of time under varied
applied loading conditions and temperatures to investigate aging effects. The deformation rate
was also varied in certain cases to examine any potential effects of strain rate on the plastic
behaviour of 300M. Since the as-received material was available in batches of 4 which

corresponded to a unique heat, specimens were tested and compared within one batch
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wherever possible. One sample from each batch was also frequently used as a control, to

identify any variability between batches.

Standard round specimens were held in the tensile frame with appropriately sized
hydraulic v-grips, while flat grips were utilized for the flat specimen geometries. Due to the
threaded nature of the notched specimens, specialized connectors were required in order to
allow the tensile specimens to be tested using the hydraulic grips of the tensile frame used for

the bulk of the mechanical testing in this work.

3.2.1 Tensile Testing with Digital Image Correlation

Digital image correlation (DIC) was also used in this work to track local deformation and
plasticity in 300M. DIC uses digital images to measure surface displacement and build 2D or 3D
strain maps during the deformation of materials [111]. In the case of 2-dimensional DIC, the
displacement is detected directly on the surface of the specimen in question using differences
in image contrast and intensity [111] [112]. In order to ensure optimal results, samples must be
cleaned and coated with a random surface pattern. In this work, this pattern was created by
coating the surface of each sample with white and black spray paint. While digital image
correlation was used to track displacement, the load and position data for each test was
acquired from the tensile frame. From this data, stress-strain curves were produced and

plotted. Strain maps were calculated using Aramis optical measurement software.

3.3 Electron Microscopy
All of the electron microscopy processes and techniques presented in this work were

performed at the Canadian Centre for Electron Microscopy (CCEM).
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Figure 18: JEOL 6610 LV scanning electron microscope used for fracture analysis and inclusion population classification

3.3.1 Scanning Electron Microscopy (SEM)

Fracture and inclusion analysis was performed using a tungsten filament JEOL 6610LV
SEM equipped with an Oxford Instruments electron dispersive spectroscopy (EDS) X-ray analysis
system. The EDS system allows for quantitative elemental analysis and mapping of surface
features. Electron backscatter analysis was performed on a JEOL 7000F field emission

microscope equipped with an EBSD detector.

3.3.1.1 Sample Preparation for SEM

When preparing for SEM analysis, sample preparation is a critical step in ensuring good
quality images and data. Fracture surfaces are delicate compared to bulk metal specimens, but
require relatively few preparation steps compared to polished specimens required for EDS or
EBSD. Unless sectioning is required, fracture surfaces need only be cleaned and mounted

before they can be placed into an SEM stage.

Very little sample preparation work was required for the analysis of tensile specimen
fracture surfaces due to the nature of the equipment used. The large specimen chamber and a

specialized sample vise facilitated the examination of fractured tensile samples without the
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need for cutting or mounting. Fractured specimens were cleaned as required in order to avoid

undesirable interactions with the electron beam and debris or other contaminants.

In order to prepare polished samples for EDS and EBSD, 300M was sectioned and cut to
size using a combination of precision and bulk abrasive cutters and 52-Met ceramic wheels.
After cutting, metal samples were hot mounted in bakelite. Samples for EDS analysis were
polished to 1um using diamond suspension. After polishing, samples were cleaned to eliminate
impurities which can obscure the specimen surface, confuse X-ray analysis, and cause electron
charging. Cleaning of metal samples was accomplished using ethanol in conjunction with an
ultrasonic bath followed by drying using a compressed gas. After cleaning, samples were stored

in a dessicator to mitigate oxidation.

Samples examined using INCA Feature also required some additional preparation before
they could be placed into the SEM stage. After cleaning, each sample was painted with
conductive nickel paste and dried in an oven at 50°C to minimize charging surface effects. Each
sample was then affixed with adhesive copper and aluminum tape strips for EDS and brightness

calibration respectively.

3.3.1.2 Inclusion Analysis

INCA Feature analysis was conducted in order to semi-quantitatively examine the
inclusion populations in 300M samples. INCA Feature software allows for automated analysis of
irregular features such as inclusions and defects in a sample based on brightness and contrast.
The software also uses electron dispersive spectroscopy (EDS) to examine the chemistry of each
detected feature. After all of the raw data is collected automatically, features can be sorted and

filtered into various classifications determined by the user.

For this work, each Feature run was performed using an accelerating voltage of 15kV,
450x magnification, and a work distance of 10mm. Feature detection was calibrated using
aluminum tape, and a detection threshold of 150 was used. In each case, the analysis area was

a 2x5mm? area directly below the fracture surface.
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3.3.2 Electron Backscatter Diffraction (EBSD)
Electron backscatter analysis was performed on a JEOL 7000F field emission microscope
with a specimen stage well suited to EBSD at the CCEM. Operation of this equipment was

performed by an expert technician, not the author.

3.3.2.1 Sample Preparation for EBSD

Sample preparation for EBSD analysis was more rigorous than that required for SEM.
Samples were cut and hot mounted using the same process described above but were further
polished to 0.1um and etched using colloidal silica since a minimum of topography is ideal for

diffraction, as the diffracted electrons only interact with the top few nanometers of a specimen.

3.3.2.2 EBSD Data Analysis

Electron back-scattered diffraction experiments were performed with the equipment
described above, and the resulting data was analyzed using HKL channel 5 software. Noise
reduction was performed on all scanned areas, and the prior austensite grain boundary maps

were produced by selectively highlighting high angle grain boundaries.

Chapter 4 - Results

The following section describes the experimental results obtained in this work. The first
portion describes the methods used to characterize the 300M used in this work, including
chemical analysis, hardness testing, and microscopy. The second portion details the mechanical
testing under monotonic and interrupted conditions used to investigate strain ageing. The

ageing of tensile specimens was conducted under variable loading conditions.

4.1 Material Characterization

The 300M steel used for this work was obtained from a forged and heat-treated bar
from an industrial supplier, and as such the as-received condition was examined using a variety
of mechanical and chemical testing methods. The composition of the steel is given below in

Table 4.
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Element Minimum Content by Weight | Maximum Content by Weight
(+0.005) (+0.005)

Carbon 0.40 0.45
Manganese 0.60 0.90
Silicon 1.45 1.80
Phosphorous - 0.010
Sulfur - 0.010
Chromium 0.70 0.95
Nickel 1.65 2.00
Molybdenum 0.30 0.50
Vanadium 0.05 0.10
Copper - 0.35

Table 4: Elemental composition limits for the 300M steel used for this work

The composition of 300M is nearly identical to that of AISI 4340, the parent steel

modified to create 300M. Silicon is the most notable alloying addition, as it has a number of

effects on the phase structure and mechanical properties of steel, as discussed previously. The

other significant difference is a lower impurity content than the base steel due to the vacuum-

arc-remelting (VAR) process to which 300M is submitted in order to meet high standards of

strength and toughness.

In order to meet such high standards, the bulk of the material used for this work was

submitted to an exacting and highly controlled heat treatment process, as shown below in

Table 5.
Treatment Process Temperature (°C) Process Time (Hours)
Austenitize 871
Quench 25 -
Snap Temper 140 1
Double Temper Step 1 302 2
Double Temper Step 2 302 2

Machining

Table 5: Industrial thermo-mechanical treatment for 300M steel

After tempering, the material was machined into the various sample geometries used

for experimentation. Industrial samples of 300M are subjected to additional processing steps,
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including shot peening, plating, and baking. The majority of the material used for this work was
processed up to the double tempering step, and not shot peened or subjected to plating and
baking. It is also important to note that the samples remained at room temperature in bar form
for a period of several years before machining. The notched samples were tempered slightly
differently from the rest of the material, as they were received from a different industrial
supplier. Each notched specimen was tempered at 190.5°C after machining in order to relieve

induced stresses.

4.1.1 Chemical Analysis

The impurity levels in the as-received steel were investigated using glow discharge
optical emission spectroscopy (GDOES). All GDOES analysis was performed by technical staff in
the materials science and engineering department at McMaster University. Particular attention
was paid to phosphorus and sulfur as both elements are well-known embrittling agents. The
level of carbon was also measured, as it has a significant effect on the mechanical properties of

steel. Chemical testing results are displayed in Table 6.

Measurement Carbon Sulphur Phosphorus
(wt%)
1 0.41 <0.0005 <0.005
2 0.38 <0.0005 <0.005
3 0.39 <0.0005 <0.005
Average 0.39 <0.0005 <0.005

Table 6: GDOES elemental impurity results for as-received 300M

Chemical analysis revealed no abnormalities in the impurity level of the as-received
300M, as the impurity content was well below acceptable limits. The amount of carbon was
slightly low in some regions, but not significantly different than the specified composition.
Oxygen and nitrogen analysis was also performed by Cambridge Materials Testing. The oxygen

and nitrogen levels observed during the testing were normal, as seen below in Table 7.
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Test # Oxygen Content Nitrogen Content
(ppm) (ppm)
1 17 11
2 16 13

Table 7: Gaseous element testing results displayed in parts-per-million

4.1.2 Hardness Characterization Analysis

Mechanical characterization was also performed in order to determine the consistency
of the microstructure and composition of the as-received material. A shot peened industrial
sample was tested alongside untreated material with the additional goal of determining the
effect of shot peening on the hardness distribution in the material. Hardness testing was
performed on Matsuzawa micro-hardness testing equipment in conjunction with Clemex CMT
HD analysis software. Due to the expected high hardness of the material, the applied load used
for indentation was 1000gf. Hardness values were originally measured in Vickers hardness (HV)
and converted to Rockwell C (HRC) in order to better compare with industrial data. Before
testing, the equipment was calibrated in order to ensure consistent and accurate
measurements. Calibration was conducted using a steel test block, and demonstrated a margin
of error no larger than 5HV for a given measurement. The subsequently obtained hardness data

is shown below in Figure 19.
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Figure 19: Vickers hardness profiles for shot peened and untreated industrial samples

Hardness testing revealed an average hardness of 625HV (56.6 HRC) in the untreated
material. The hardness profiles contained some points with a greater hardness than the
industrial average (53-56 HRC) but these were not dramatically larger. The significantly higher
hardness values observed near the edges of the shot-peened sample are due to the
compressive stress layer induced by the process which is standard for industrial components.
This compressive stress field permeates to a depth of up to 200um from the shot peened
surface as shown above. While the bulk of the specimens used for tensile testing were not shot
peened, one set of samples was shot peened to industrial standards and compared to
untreated specimens to determine the effect of shot peening on the ageing and mechanical

properties of 300M.

4.1.3 Microstructure and Characterization

Several different microscopy techniques were utilized to characterize and confirm the
microstructure of the as-received material. Optical microscopy confirmed the general
microstructure of tempered 300M, while transmission electron microscopy was used to

examine the precipitate population and retained austenite content.
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4.1.3.1 Optical

Optical microscopy was used to qualitatively examine the microstructure of 300M in the
as-received condition. Samples were prepared from leftover material after machining, and were
automatically polished to a finish of 1um using diamond lubricant. After polishing, a 2% Nital

solution was used to reveal the microstructure.

T25 ime
—_—t

Figure 20: Image of the microstructure of 300M in the as-received condition, taken at 50x using an optical microscope

As shown in Figure 20, the microstructure of 300M after tempering at 302°C is
comprised primarily of a homogenous fine lath structure. The prior austenite grain size of the
material in the as-received state was examined using electron backscatter diffraction, as these
grain boundaries were not revealed through etching. Results are shown in the following section

(4.1.3.2).

4.1.3.2 Electron Back Scatter Diffraction (EBSD)
Electron backscatter diffraction was performed to identify and confirm the grain
structure of the as-received 300M material. One site from the center of a large industrial

specimen was examined in order to determine the grain size and structure of the material. As
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mentioned previously, HKL Channel 5 software was utilized to construct the inverse pole figure

(Figure 21a) and prior austenite grain boundary maps (Figure 21b) shown below.

Figure 21: (a) Inverse pole figure (left), and (b) prior austenite grain boundary map (right) taken from the center of an industrial
sample prepared for EBSD

EBSD yielded enough information to accurately reveal the grain boundaries of both
specimens, which allowed for post analysis using Imagel software. This analysis was done in
order to determine an average grain size for each sample. The average grain size was calculated
by measuring the maximum x and y diameters of randomly selected grains from each set of
maps. The tabulated average and median measurements for the center of the material is
available in Table 8. The measurements were obtained by examining a total of 20 grains from
the center and edge regions. No retained austensite was detected in the region selected for

EBSD, but the presence of interlath retained austenite was confirmed using TEM.

Average X Average Y Median X Median Y
(¥1pm) (¥1pm) (¥1pm) (¥1pm)
Center 32 30 28 25

Table 8: Average and median grain size measurements taken from the center of an industrial 300M sample prepared for EBSD

Grain size measurements and a cursory visual examination suggest that the grain size at

the center of the large industrial specimen is approximately 30um, which is in perfect
agreement with the expected grain size of 30um. The grain size was also fairly uniform across

the examined area. No definitive conclusions about grain size and overall distribution can truly
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be drawn from such a limited number of grain measurements, but the above analysis is

sufficient for the purposes of general characterization.

4.1.3.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed on quenched and tempered
300M samples to classify both the retained austenite distribution and carbide population after
heat treating. The material was tempered at ~300°C for 4 hours, the same tempering treatment

used for the as-received material described above.

Analysis revealed that the bulk of the retained austenite existed between laths, and was
stable after tempering at temperatures up to 300°C, since no cementite was detected. The
thickness of the retained austenite films varied from approximately 0.05-0.2um, while the lath
width ranged from about 0.08-0.5 um. Images of the TEM conducted on 300M tempered at

300°C are available in Figure 22.

ST
T8 PY

Figure 22: TEM images of interlath retained austenite films in 300M quenched and tempered at 300°C for one hour

TEM also revealed the presence of transition carbides which persist in 300M at higher
tempering temperatures than in 4340. The precipitates coarsened to a maximum of 500nm in
length and 25nm in width and were predominantly identified as e-carbide using selected area
diffraction (SAD). This result is in agreement with the work of Padmanabhan and Wood, who

determined that the transition carbide present in 300M tempered at 280°C is e-carbide [43].
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Figure 23: TEM images of transition carbides in 300M steel after quenching and tempering for 4 hours at 300°C

4.2 Mechanical Testing

4.2.1 Monotonic Tensile Testing

In this work, “monotonic” is used to describe all tests which did not include an ageing
step, meaning they proceeded directly to failure at a fixed deformation rate. Monotonic tensile
tests were initially used to provide a baseline for the deformation behaviour of 300M, and to
determine the variance of properties between different batches. A comparison between
selected monotonic stress-strain curves is shown below in Figure 24. Most monotonic testing
was conducted using a crosshead speed of 1Imm/min, which corresponds to a strain rate of
0.00133s™. Exceptions to this were the samples which were deliberately tested at different

strain rates.
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Figure 24: Stress-strain curves for a selection of monotonic tensile tests conducted at a crosshead speed of Imm/min

The monotonic curves show relatively consistent behaviour, with the exceptions of the
samples from batch 158720, and to a lesser extent, batch 159226, which failed at much earlier
strains than expected due to deliberately increased inclusion populations. These batches of
material were deliberately obtained in order to examine the effect of inclusion populations on
mechanical behaviour, and as such these samples may be regarded as outliers. With this in
mind, the average failure strain ranges from 0.17-0.195, and the average ultimate strength is
just above 2000MPa. It is notable but perhaps not surprising that the samples which display the
highest ultimate strength also fail at the earliest strains. All samples demonstrated a yield point
of approximately 1550MPa regardless of subsequent deformation behaviour. Reduction in area
measurements were performed on all specimens using full fracture images and the initial
dimensions of the tensile specimens, and the average reduction in area for samples deformed

monotonically was 40%.

Notched specimens were also tested in addition to round tensile samples.

Monotonic testing was also performed for this specimen type in order to capture the
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differences in plasticity caused by sample geometry and state of stress. Stress-strain data for a

monotonic test of a notched sample is shown below in Figure 25.
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Figure 25: Continuous tensile test data for a notched specimen tested using a crosshead speed of 1mm/min

Upon examination of the notched test data, several differences become apparent when
comparing the data to that obtained from the round samples. Firstly, the maximum load
reached in the notched geometry is slightly higher than in the round samples, and the failure
strain is also an order of magnitude lower. The decrease in failure strain is likely due to the

increase in stress triaxiality at the notch.

4.2.1.1 Digital Image Correlation

Digital image correlation was also performed for samples loaded monotonically to
failure. This was done primarily to provide baseline plastic behaviour, which could later be
compared to aged specimens. Monotonic tensile testing was performed for a flat 300M sample

at a rate of deformation of Imm/min as shown below.
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Figure 26: Stress-strain curve for flat sample tested at a speed of Imm/min, using digital image correlation to track deformation

Monotonic testing performed in conjunction with DIC once again demonstrated
significant differences in mechanical behaviour when compared to the round samples. The
reduced strain to failure may be explained by the flat geometry used, but the significantly
increased stress experienced by the sample is difficult to interpret. The rough appearance of
the curve is due to the relatively low data acquisition rate possible with DIC when compared to
data gathered via extensometer. The maximum memory capacity of the Aramis system used in
this work limits the total number of images that can be captured per test, so for low strain rates

a lower acquisition rate must be used.

Strain maps produced using Aramis software revealed significant localized plasticity in

un-aged 300M, as demonstrated in Figure 27.
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Figure 27: DIC strain maps corresponding to monotonic deformation of 300M at a speed of Imm/min

As shown above, the localized plasticity presented itself as diagonal bands which formed
on the surface of the specimen well before the beginning of necking, and propagated parallel to
the loading direction. This behaviour is highly reminiscent of Luders bands, and promoted
further investigation in this work. The propagation of the bands was identical in both flat and

round samples.

Digital image correlation was also performed with very high capture rates (10 images
per second) in order to better visualize the localized plasticity in 300M. One experiment was
performed on a round sample due to material limitations. Although the round nature of the
specimen was not ideal for 2D DIC, the strain maps of the test present clear evidence of band
propagation as shown below. The propagation of these bands can be observed by creating a
section plot of the strain in the pulling direction of a tensile specimen, and carefully plotting the
resulting strain profiles. In order to properly visualize the propagation of bands, the strain from

every 50" frame up to frame number 400 was plotted, as shown in Figure 28.
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Figure 28: Section line strain plot for a round tensile specimen deformed monotonically to failure using a crosshead speed of
1mm/min (0.00133s™)

As shown above, the wave-like propagation of bands of localized plasticity in 300M can
clearly be observed after careful analysis. The propagation of the deformation bands was

observed much more clearly when a high capture rate was used.

4.2.1.2 Effect of Strain Rate

In order to determine the effect of strain rate on the deformation behaviour of 300M,
data was also gathered with an acquisition rate 10x greater than used previously, allowing for
extremely fine detail to be captured in a tensile test. The results of the high acquisition rate

testing can be seen below in Figure 29.
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Figure 29: Stress-strain curves for round samples resulting from continuous tensile testing with a tenfold increase in data
acquisition speed

As shown above, 300M appears to exhibit distinct serrations. Serrations are typically
indicative of dynamic strain ageing, and should disappear as the strain rate is further increased
[56]. The material also appears to exhibit slight negative strain rate sensitivity, as the strength

of the material decreases with increasing strain rate.

The strong serrations observed at high deformation rates were further investigated by
testing at even larger rates. A duplicate test was performed at a rate of 100mm/min, and this
data was compared with results obtained by performing experiments at 200 and 300mm/min.
Such high rates of deformation required further increases in data acquisition speed to
accurately capture the deformation of the tensile specimens. At rates of 200-300mm/min data
was acquired at a rate of 3333 points per second. The results of these tests can be seen below

in Figure 30.
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Figure 30: Stress-strain curves resulting from continuous tensile testing with greatly increased deformation and data acquisition
rates

As shown above, serrated flow persists for strain rates of up to 0.266s™, equivalent to a
crosshead speed of 200mm/min. At rates above 0.399s (300mm/min), no serrated flow was
observed. The specimen deformed at a speed of 100mm/min likely experienced slippage during
the test, which is implied by the extremely unusual behaviour which begins before the yield
point of the material is reached. The fact that the samples deformed more rapidly yielded in a
nearly identical manner, and the extreme slope of the 100mm/min curve near the yield point

strongly imply that the 100mm/min specimen slipped during a portion of the testing.
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4.2.1.4 SEM Fracture Analysis

Fracture analysis was conducted using SEM to determine the failure mechanism of
tempered 300M after continuous deformation. All sample geometries were examined in order

to provide baseline behaviour for each type.

The first geometry examined using SEM was the round sample type used for the bulk of
the experiments in this work. An example of a fracture surface observed after continuous

deformation to failure can be observed in Figure 31.
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Figure 31: SEM fracture image for a sample deformed continuously to failure at room temperature at a speed of Imm/min

As shown above, the samples which were deformed monotonically displayed a “cup and
cone” fracture surface which is traditional of ductile metals. Dimples are evident, which are due
to the nucleation and growth of voids occurring in the material prior to failure. At higher
magnification, it can be observed that the failure surface exhibits significant topography, a

feature displayed in Figure 32.
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Figure 32: SEM failure image taken at 500x magnification for a sample deformed continuously to failure at room temperature at
a speed of 1Imm/min

Indeed, cylindrical features tens of microns in diameter resembling terraces or pits are
evident throughout the center of all failure surfaces. These “terraces” are not due to the
formation of large voids, as fine dimples can be observed along the edges of each such feature.
The size of such features may be significant, as the relative size of such features is comparable
with the 30um grain size measured earlier. Clear evidence of void linkage may also be observed

as linked lines of dimples on the failure surface.

Flat and notched specimens were also examined using SEM after monotonic
deformation. Flat specimens displayed a reduction in dimples along some flat faceted regions,
which may be the result of an increase in mixed-mode fracture in this sample geometry.
Notched specimens displayed significant evidence of facets, which indicates a clear mixed
fracture mode. While void formation is still evident, it is clear that cracks have propagated
across the surface and been arrested by structural features, resulting in the presence of facets.

This failure mode is reminiscent of quasi-cleavage, since no clear evidence of intergranular or
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ductile-intergranular failure can be seen. Images from both sample types are available below in

Figure 33.
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Figure 33: SEM fracture images taken at 1000x times magnification for notched (left) and flat (right) samples monotonically
deformed to failure

4.2.2 Interrupted Tensile Testing

Interrupted tensile tests were conducted in order to investigate the effects of ageing on
plasticity in 300M. In each case, 300M samples were deformed to a given initial strain and aged
at a fixed temperature for a set time. The strengthening observed upon re-loading aged
samples was measured by comparing the 0.2% offset stress of the re-loading curve with a

monotonic test at the same level of strain.

The effect of room temperature ageing over a short time period was investigated by
deforming samples to ~2.5%, unloading, and holding at room temperature for time periods
ranging from 1 minute to 1 hour. Stress strain curves for the short time ageing are displayed in

Figure 34.
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Figure 34: Stress-strain curves resulting from short time ageing at room temperature after an initial deformation of 2.5% at a
speed of Imm/min

Ageing for 1 minute at room temperature produced an increase in stress of
approximately 5MPa, while ageing for up to one hour resulted in a strengthening of 30MPa.
Notably, ageing for times between 10 minutes and 1 hour did not yield appreciably different

results.

Ageing experiments were also conducted for intermediate times ranging from 4 to 72
hours. Two experiments were conducted for this time period, one on standard machined round
specimens, and one on samples which were shot peened to industrial standards. This had the
dual purpose of examining both the effects of ageing time and shot peening on the mechanical
behaviour of 300M. Both types of specimens were deformed to approximately 2.5% and aged
at room temperature for varying times. The samples which were not shot-peened showed no
significant increase in stress compared to 1 hour of ageing, with increases of approximately 25-
30MPa observed upon re-loading. Shot peened samples aged for periods between 4-72 hours
on the other hand showed a significant increase in stress, with a maximum observed Ac of over

65MPa with no corresponding reduction in ductility observed. Stress-strain curves
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corresponding to the shot-peened samples aged for intermediate times are available in Figure
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Figure 35: Stress-strain curves for shot-peened samples resulting from ageing at room temperature for periods between 4 and
72 hours, after an initial deformation of 2.5% at a speed of 1Imm/min

In addition to investigating the effect of ageing time, the influence of the initial

deformation or “pre-strain” was examined. Round tensile specimens were deformed to various

low strains ranging from 1-2.5% and aged for one hour at room temperature. The resulting

stress strain curves demonstrated that increasing the initial deformation increased the

magnitude of the transient increase in strength observed upon re-loading, at least up to 2.5%

initial deformation. This trend can be observed below in Figure 36.
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Figure 36: Stress-strain curves for specimens loaded to failure after ageing for 1 hour at room temperature. Initial deformation
was conducted at a speed of Imm/min

All samples displayed measurable strengthening given the relatively short ageing time,
with the exception of the sample initially deformed to 1.5%. A clear positive correlation can be
observed between the initial amount of pre-strain and the amount of strengthening which

occurs upon re-loading.

The same experiment was repeated with significantly longer ageing times to determine
the effect of very long ageing times on strength and plastic behaviour. The experimental results
for tensile tests using low initial strains and an ageing time of ~650 hours are displayed in Figure

37.
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Figure 37: Stress-strain curves for specimens loaded to failure after ageing for 650 hours at room temperature. Initial
deformation was conducted at a speed of 1mm/min

A notable feature of the samples aged for long times is that the flow stress does not
decrease below the monotonic level, which is usually observed. The significant increase in flow
stress and less prominent transient imply that a mechanism other than dislocation locking is

active.

The influences of pre-strain and ageing time on the plastic behaviour of 300M were
further investigated through tensile tests which used higher levels of initial strain and variable
ageing times. One set of samples was deformed to an initial strain of 5% and aged for times
ranging from 15 minutes to 4 hours. The stress-strain results from this testing procedure are

shown in Figure 38.
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Figure 38: Stress-strain curves for round tensile samples pre-strained to 5% and then aged for various times as shown

The results for the larger pre-strain of 5% show good agreement with ageing treatments
performed at lower strains discussed earlier, in that the measured increase in strength due to
ageing is a strong function of time for times up to 1 hour. The stresses reached in the samples
deformed to 5% were larger, however, due to the additional work hardening produced by

further deformation.

Further experiments were conducted with larger pre-strains, up to 8%. The ageing time
for this set of specimens was 4 hours at room temperature. The compiled stress-strain curves

resulting from this testing are shown below in Figure 39.
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Figure 39: Stress strain curves for samples deformed to large initial strains and aged 4 hours at room temperature

Increasing the level of pre-strain beyond 5% resulted in a small increase in stress for the
sample initially deformed to 6%. Subsequent decreases in strengthening were seemingly
observed, however, as the material was deformed beyond 6%. It is somewhat difficult to
compare samples deformed past necking directly, but the benefits of strain ageing are clearly
diminished beyond an initial deformation of 6%. This is in good agreement with the results of

Stephenson and Cohen, as well as other authors who found that there are practical limits to the

strengthening which can be achieved in 4340 and 300M by strain ageing in tension [110].

In order to summarize the effects of ageing time and pre-strain on the strengthening of

300M, 0.2% offset stress measurements were compiled and plotted as shown in Figure 40 and

Figure 41.
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Figure 40: Plot of strengthening due to strain ageing versus ageing time for samples deformed to 2% and aged at room
temperature for various times

Compiled strengthening data for samples deformed to 2% strain and aged at room
temperature demonstrates a local maximum strength which can be achieved by strain ageing
300M in tension for short and intermediate ageing times. Long ageing times of over 600 hours
result in a further increase in stress which must be unrelated to the strengthening provided by
the Cottrell mechanism at shorter times. This significant additional strengthening is likely due to
significant carbon segregation which can occur over long time periods, and potentially the

dissolution of fine carbides made possible by the very long time-scale involved.

This effect can also be seen in Figure 41, as samples aged for longer times experience
larger strengthening than samples aged for shorter times at the same level of strain, barring

one abnormal result for a sample deformed to 1%.
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Figure 41: Summary plot of the strengthening of tensile rounds versus pre-strain for various ageing times

As shown above, while strain ageing in the absence of an applied load can induce
significant strengthening, there are limits to this increase. The maximum strengthening of just
over 100MPa was obtained after pre-straining a specimen to 6% and ageing for 4 hours after
unloading. Presumably this could be increased by a further 20-30MPa by ageing at room
temperature for over 600 hours, as an additional strengthening mechanism is active after
ageing for long times. Shot-peening also produced an increase in strength compared to non
shot-peened samples, but this contribution would likely not be additive for samples deformed
to large strains, since the reason for strengthening in both cases is the generation and
subsequent locking of new dislocations. Shot-peening in conjunction with long-time ageing in
samples deformed to relatively low pre-strains could provide additional strengthening,

however.

4.2.2.1 Effect of Strain Rate
Strain rate tests were also performed after ageing to determine if the ageing process

affected the plastic behaviour upon re-loading to failure. The effects of strain rate on plasticity
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were initially investigated by deforming round tensile samples to ~2.5% in tension using a cross-

speed of Imm/min, relaxing the load, and then re-loading the specimens to failure at different

speeds. The effect of strain rate and ageing on plasticity can be seen below in Figure 42.
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Figure 42: Stress-strain curves for samples deformed to approximately 2.5% at 1Imm/min, and rapidly re-loaded to failure at
higher rates

Upon examining the data, it is immediately apparent that ageing 300M at room

temperature for even brief times appears to have a notable impact on the observed strain rate

sensitivity in the material. As shown above, the strain rate sensitivity appears to be positive, in

sharp contrast to the results reported after continuous deformation. It should be noted that the

samples were aged for a period of several minutes, as releasing the clamps on the equipment

and increasing the rate of deformation could not be done instantaneously.

Due to the extremely rapid test times (~2s) for samples deformed at 100mm/min, a

relatively low number of data points were collected during the test. In order to correct for the

higher rate of deformation, a similar test was performed and the data acquisition rate was
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increased proportionally to the deformation rate. Additionally, the ageing time was increased

to 1 hour for the second test. These results can be seen below in Figure 43.
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Figure 43: Stress-strain curves for samples deformed to 3% at Imm/min, aged for 1hr, and re-loaded to failure at varying
deformation rates. The re-loading curves are displayed for all tests, and the results are shown alongside a continuous
deformation curve at Imm/min for comparison

It is clear that the positive strain rate sensitivity is once again evident upon re-loading.
The effect of ageing time is also notable, as the increase in stress obtained upon re-loading is

greater when compared to the short ageing times above.

4.2.2.2 Multiple Deformation and Ageing

Multiple deformation and ageing experiments were also conducted in an effort to better
understand the effects of ageing on the plastic behaviour of 300M. These tests involved
deforming a tensile specimen to a given initial strain and ageing for 2 hours, before deforming
by a further 1% and ageing once more. This process was repeated 3 times for each sample
before finally deforming to failure. The results of a sample initially deformed to 5% and then

aged as described are available in Figure 44.



2500

2000

1500

— Manotonic

—— 5% Deformation

1000
5% Deformation 2nd

Engineering Stress (MPa)

Loading
— 5% Deformation 3rd
Loading
300 — 5% Deformation 4th
Loading
1]
L] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Engineering Strain

Figure 44: Stress-strain curves resulting from multiple ageing treatments following an initial deformation of 5%. The ageing time
for each step was 2 hours and the deformation for the intermediate treatments was 1%

After an initial deformation of 5%, the increase in stress upon re-loading is quite
substantial, and diminishes as the ageing treatment is repeated. Another multiple ageing
experiment was conducted with a higher initial strain to determine if the initial deformation
was responsible for the behaviour observed upon reloading. The stress-strain curves for the

sample deformed to an initial strain of 9% are available below in Figure 45.
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Figure 45: Stress-strain curves resulting from multiple ageing treatments following an initial deformation of 5%. The ageing time
for each step was 2 hours and the deformation for the intermediate treatments was 1%

After an initial deformation of 9%, the initial increase in stress upon reloading was
significantly lower. Moreover, each increase in stress following the initial deformation was
more uniform. A direct comparison of the increases in stress relative to the monotonic

behaviour is available for both sets of multiple ageing treatments, and is shown in Figure 46.
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Figure 46: Strengthening behaviour of the multiple deformation and ageing specimens, measured at 0.2% offset compared to
the monotonic behaviour at a rate of Imm/min

Upon examining the results of both samples, the initial strengthening of the sample
deformed to 5% appears incongruous with the rest of the experimental data. On the basis of
Cottrell dislocation locking, the strength of the material should increase with successive ageing
treatments, not increase sharply only to fall with successive ageing. It is notable that the second
and third ageing treatments produce similar increases in stress for both samples, as this is in
agreement with the idea that there is a maximum value of strengthening which can be achieved

through strain ageing, and that this value is significantly influenced by Cottrell locking.

4.2.2.3 Digital Image Correlation

Digital image correlation was performed on selected samples in order to visualize the
effects of ageing on plasticity. Each specimen was deformed to an initial strain of 2% at a rate of
1mm/min, unloaded, and subsequently aged for 1 hour at room temperature. Since the strain is
not tracked directly during a digital image correlation experiment, samples were instead loaded
to approximately 18kN, a load which was expected to produce a strain of 2% after examination

of the monotonic digital image correlation experiment performed earlier.
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Figure 47: Selected stress-strain curve for a flat sample loaded to 2% strain, unloaded, and aged at room temperature for 1 hr
before loading to failure

The increase in stress observed after ageing (~55MPa) was significantly larger in the flat
specimens used for DIC than in a round sample aged earlier under similar conditions, which
experienced an increase of approximately 30MPa. This difference is almost certainly due to the

differences in sample geometry and state of stress between round and flat samples.

Strain maps for unloaded samples revealed the same localized plastic behaviour
observed during monotonic testing. The appearance and propagation of deformation bands in

aged samples can be observed below in Figure 48.
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Figure 48: DIC strain maps for a sample deformed to ~2% strain at 1mm/min, unloaded, and aged for 1 hour at room
temperature before loading to failure

Analysis of the strengthening occurring after unloading and ageing produced relatively
inconsistent results. One unloaded specimen displayed an increase on the order of 57MPa,
while the other produced a much larger increase of 96MPa. A third sample was also tested but
did not produce usable results. Taken in isolation, unloaded ageing would appear to induce
widely varied strengthening. These results are compared with the samples aged under load

later in this work for additional context.

4.2.2.4 Ageing and Re-tempering

A number of studies have been conducted on the ageing and tempering of AlSI 4340,
but fewer studies of the same type exist for 300M [110]. The effect of ageing of 300M at
elevated temperature was examined in this work by deforming tensile specimens to 3% strain
and tempering them at various temperatures above 200°C. Stress-strain curves resulting from

the pre-straining and re-tempering processes are shown in Figure 49.
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Figure 49: Stress-strain curves for samples deformed to 3%, tempered, and deformed to failure. Results are compared with a
sample deformed to 3% at a rate of Imm/min as a control

As seen above, tempering after deformation significantly increases the strength
observed upon reloading, and causes a simultaneous decrease in failure strain. It can also be
observed that lower tempering temperatures result in higher strength and lower failure strain.
These results are in good agreement with the work of Stephenson and Cohen [110], who
studied the effects of pre-straining and re-tempering on AISI 4340. Stephenson and Cohen
observed that the carbides in the tempered martensite were dissolved during deformation and
re-precipitated by re-tempering, and attested that at least a portion of the observed

strengthening was due to this carbon redistribution [110].

4.2.2.4 SEM Fracture Analysis
As before, fracture analysis was conducted using electron microscopy to examine the
nature of fracture after strain ageing. All sample geometries were analyzed, including round,

flat and modified flat specimens. The effects of ageing time and initial strain were also
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investigated, and fracture surfaces of aged samples were compared to specimens which were

deformed monotonically to failure.

Fracture analysis of the samples aged for short times showed negligible differences
when compared to monotonic specimens. All short-time aged samples were also highly ductile
and displayed dimples and features on the same length scales. Two such fracture images are

shown below in Figure 50.

SEl  20kV WD16mm SS45 WD16mm  SS45
19 Nov 2015 19 Nov 2015

Figure 50: SEM fracture images taken at 100x (left) and 1000x magnification (right) for a sample aged for 1 minute at room
temperature

Specimens aged for intermediate times (4-72hours) also displayed fracture surfaces
which were nearly identical to samples aged for short times or deformed monotonically. Images
of fracture surfaces for samples aged for 4 hours at room temperature are displayed in Figure

51.
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Figure 51: SEM fracture images taken at 100x (left) and 1000x magnification (right) for a sample aged for 4 hours at room
temperature

The effect of strain ageing for long times (~650 hours) at room temperature on the

fracture behaviour of 300M was also investigated as shown below in Figure 52.

15kV WD10mm — 15kV WD9mm

Figure 52: SEM fracture images aged at room temperature for approximately 650 hours before final deformation. The leftmost
image was taken from a sample pre-strained to 1.5%, while the rightmost was from a sample initially strained to 1%

At first glance, the fracture surfaces of samples aged for long times appear almost
identical to those resulting from previous ageing treatments. A more detailed examination at
larger magnifications, however, reveals some features which may be representative of slight
changes occurring as a result of ageing. While features similar to the “terraces” or pits observed

in monotonic and sample aged for short times were observed, they were slightly different in
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that their tops or bottoms were not completely perpendicular to the fracture surface. As such,
these features bear a more striking resemblance to grain boundaries or perhaps parallel sets of
packets. Notably, some evidence of a mixed fracture mode was also detected in samples aged

for over 600 hours at room temperature, as evidenced by flat regions on the fracture surface.

Samples which were pre-strained and re-tempered at temperatures exceeding 200°C
exhibited similar fracture behaviour to specimens aged at room temperature for long times.

Fracture images for re-tempered samples are shown in Figure 53.
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Figure 53: SEM fracture images taken at 500x magnification for samples pre-strained 3%, and re-tempered at 260°C (left) and
204 °C (right)

Like the tensile specimens aged for long times, re-tempered samples also displayed
signs of mixed fracture and “terraces” which were oriented at an angle to the fracture surface.
The similarities in appearance are likely due to the increased segregation of carbon which

occurs at long times or elevated temperatures.

Tensile specimens subjected to large initial strains were also tested and examined using
SEM. Fracture images for samples pre-strained to values larger than 6% are available in Figure

54,
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Figure 54: SEM fracture images taken at 100 and 1000x maghnification for samples pre-strained 6% (left) and 7% (right)
subsequently aged at room temperature for 4 hours

As shown above, the influence of initial deformation on the fracture behaviour of 300M
appears to be relatively small, as no significant differences were observed in terms of ductility

when comparing the fracture surfaces of samples which experienced differences in pre-strain.

The fracture surfaces of flat samples were also investigated using SEM. Examples of
images taken for a flat sample aged under load for 1 hour at room temperature are available in

Figure 55.

SEI  15kV WD24mm SS50
Sample

Figure 55: SEM fracture images of a flat sample aged under load for 1 hour following an initial deformation to approximately 2%

At low magnifications, the fracture of these specimens was identical to the bulk of the
tensile rounds examined earlier, in that the fracture appeared to be completely ductile. At
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higher magnifications, however, small flat regions indicated that a mixed fracture mode was in
effect, at least on the micro scale. This change in behaviour may be due to the different sample
geometry, as this change was observed in all specimens, including those deformed

monotonically without ageing.

Regardless of sample geometry or ageing treatment, a large number of specimens
displayed prominent evidence of significant void linkage on the failure surfaces. These regions
consisted of lines of dimples which could be identified at high magnification. One such example

of void linkage is shown below in Figure 56.

it

15kV WD13mm

Figure 56: SEM fracture image showing prominent void linkage, taken from a sample deformed to 2% strain and aged for 650
hours at room temperature

4.2.2.5 INCA Feature Inclusion Analysis

In order to examine the effect of inclusion size and density on the fracture of 300M, a
sample with an abnormally large inclusion population was deliberately obtained and examined.
Inclusion analysis was performed on this specimen using SEM and INCA feature software. These
results were compared to a section from a tensile specimen that exhibited typical behaviour,
and a bulk industrial sample. A summary of the total detected inclusion populations for each

sample is shown below in Table 9.
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Inclusion Type Abnormal Material | Tensile Section Count | Industrial Bulk Count
Count

MnS 11 10 0
Alumina 67 8 2
Ca 4 2 3
Ti 38 16 8
Mn + Si 507 41 66
TOTAL 627 77 79

Table 9: Summary of features classified as inclusions for the 3 samples examined using INCA Feature

It is immediately apparent that the inclusion population in the abnormal material was

almost an order of magnitude larger than in the "normal" material. Additionally, inclusions with

diameters above 10um and inclusion clusters were detected more frequently in the abnormal

sample. The large difference in detected inclusion populations is likely responsible for the

significant reduction in ductility observed in the brittle specimen, as the spacing between

inclusions was approximately 3 times smaller than in the regular material. This lower spacing

represents a greatly increased percentage of potential crack initiation sites, and also affects the

growth and propagation of voids. It is also possible that the inclusion population in the

abnormal material is larger than what was observed, as the reliable detection of inclusions

smaller than ~2um is difficult. Regardless, it is clear that larger inclusion populations and a

larger inclusion size result in a transition towards mixed-mode and brittle fracture in 300M. An

SEM image of the brittle behaviour in the abnormal specimen is shown in Figure 57.
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Figure 57: SEM fracture image at 250x magnification of the material with an abnormally high inclusion population
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4.2.3 Ageing under Load
Tensile testing was also performed for samples held under load during the ageing

process to determine if applied stress affected the ageing behaviour of 300M.
4.2.3.1 Digital Image Correlation

The digital image correlation tests for samples which were aged under load were
performed under the same conditions as the unloaded tests, except the applied load was not
released during ageing. As such, samples held under load experienced significant stress
relaxation during the time they were aged. A selected stress-strain curve for a sample aged
under load is shown below in Figure 58. The load applied during ageing was recorded by the

tensile frame.
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Figure 58: Selected stress-strain curve for a flat sample loaded to 2% and aged under load at room temperature for 1 hr before
loading to failure

Samples aged under load behaved similarly to samples unloaded during ageing, save for
the stress relaxation which took place. Both types of ageing treatment resulted in similar

increases in stress upon re-loading, with a magnitude of approximately 60MPa. A summary of
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the strengthening experienced by flat samples of both thick and thin geometries is available in

Table 10.
Geometry Pre-strain Ageing Ageing Time Ac (MPa)
Conditions

Flat ~2% Unloaded 1 hour 58
Flat ~2% Unloaded 1 hour 96
Flat ~2% Under Stress 1 hour 58
Flat ~2% Under Stress 1 hour 62
Flat ~2% Under Stress 1 hour 56

Thick Flat ~2% Under Stress 1 hour 64

Table 10: Strengthening summary table for all flat specimens tested using DIC

Strain maps were also produced for samples aged under load, and once again revealed

propagation of bands of localized plasticity as shown in Figure 59.

Figure 59: DIC strain maps for a sample deformed to ~2% strain at Imm/min and aged under load for 1 hour at room
temperature before loading to failure

As seen above, the propagation of bands of localized plastic deformation occurs with
the same regularity in samples aged under load as specimens that were deformed
monotonically or aged without an applied load. Based on the low number of samples tested

however, no definite conclusions can be drawn about the behaviour of the deformation bands.
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Samples with a larger thickness were also prepared to further investigate the localized
plasticity present in 300M. These specimens were examined sideways to attempt to image the
bands in the thickness direction. One sample with a larger thickness was loaded monotonically

to failure as shown in Figure 60.

Figure 60: DIC strain maps for a thick flat sample deformed monotonically to failure at Imm/min

The formation and propagation of bands of localized plasticity were once again
observed. No differences in behaviour were identified between flat samples examined from the
front and the specimen examined from the side. In both cases, the bands propagated in a

direction paralell to the pulling direction, with no changes in band size or angle.

The effect of ageing on the localized plastic behaviour was investigated by deforming a
thick flat sample to approximately 2% strain and ageing under load for one hour at room
temperature. Once again, the strain was approximated using the monotonic loading curve for
the thicker flat geometry as shown above. The strain maps for the aged sample are shown

below in Figure 61.
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Figure 61: DIC strain maps for a thick flat sample loaded to 36kN (~2% strain), and aged under load for one hour at room
temperature

Once again, the presence of deformation bands which form and propagate parallel to
the pulling direction is evident. No significant differences were detected between samples
which were aged under load and specimens which were unloaded during ageing. The low
number of samples tested with the thicker flat geometry makes drawing a conclusion about the

effect of ageing on localized plasticity difficult without additional context however.

Chapter 5 - Discussion

This chapter describes the results obtained experimentally and endeavors to describe
the observed properties in terms of the fundamental behaviour of solute atoms and
dislocations. The first section outlines the behaviour of 300M when deformed monotonically,
and the following section describes the dynamic ageing effects which occur in the material at
room temperature for a given strain rate range. The third segment outlines the mechanism
responsible for static ageing, and the fourth section summarizes and models the strengthening
effect using fundamental dislocation evolution equations. The final portion is concerned with

the failure of 300M, and provides a potential explanation for the observed fracture behaviour.
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5.1 Monotonic Deformation
The monotonic deformation behaviour of 300M at room temperature has been

extensively studied at a variety of strain rates. This section summarizes the salient features of

the mechanical response of the studied material when deformed monotonically to failure.

All studied material exhibited consistent yielding at a stress of ~1550MPa, with a
Young’s modulus of 201GPa. Comparison of the ultimate strengths of material from different
heats revealed a variation of approximately 75MPa, although the work hardening behaviour
was consistent. The rounded nature of the yielding and serrations on the stress-strain curves
shown experimentally exemplifies a strong initial work hardening rate and a lengthy elasto-
plastic transition which was explained in terms of microstructural heterogeneity by Allain et al
[86]. This theory could also explain the highly rounded peaks of the stress-strain curves which
exhibit dynamic ageing. If the microstructure of the material yields at different stress levels,
then the breakaway of dislocations from solute atoms that dominates dynamic ageing
behaviour would not occur simultaneously, resulting in the characteristic rounded shape.
Internal stresses could also explain the extended elasto-plastic transition observed in this work,
but Snyder observed that the internal stresses present after quenching were largely relaxed

after tempering for 1 hour [84].

In addition to high strength, all 300M samples tested in this work displayed significant
elongation to failure, with most specimens exhibiting a failure strain of 15-20%. SEM analysis of
failed tensile specimens confirmed significant dimpling characteristic of ductile failure.
Reduction in area measurements were also conducted for all samples, and identified an

average value of 40% reduction in area at failure.

5.1.1 Strain Rate Sensitivity
Monotonic tensile testing conducted at strain rates ranging from 0.00133-0.133s™*

identified apparent negative strain rate sensitivity in 300M at room temperature. This result is
somewhat at odds with the work of other authors, as Leslie and Sober observed a transition to
positive strain rate sensitivity for 43xx steels containing 0.1-0.3wt% C at room temperature for

strain rates greater 0.01s™ [30]. In this work, this transition was not observed, as negative
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sensitivity persisted to strain rates of at least 0.1s™. It is important to note that in the case of
the 0.4 wt% C steel the authors reported a null sensitivity at room temperature, but noted that
the scatter in the data was much greater [30]. It is then possible that the 0.4% steel could have

displayed negative strain rate sensitivity at room temperature, but the effect was masked.

Dynamic ageing effects were also observed during testing at room temperature,
particularly in samples deformed at strain rates of 0.133s and above. Significant dynamic
ageing persisted to a rate of at least 0.266s, but disappeared at rates higher than ~0.4s’".
Dynamic ageing effects were also observed at much lower strain rates (0.00133-0.0133s™") using
digital image correlation with an image capture rate of 10 frames per second. The presence of
dynamic strain ageing at room temperature is notable, as serrated flow is not often observed at
room temperature in martensite [51]. Authors such as Leslie and Sober attribute this absence
to carbon redistribution occurring during tempering and the presence of internal stresses in the
case of as-quenched martensite [30]. Krauss has suggested however that the high carbon
content (0.4 wt %) in 4340 steels could produce dynamic strain ageing at room temperature

[46].

5.2 Dynamic Strain Ageing

Also known as the Portevin-Le Chatelier effect, dynamic strain ageing is governed by
solute-dislocation interactions. In essence, dynamic ageing is due to mobile dislocations being
“locked” by solute atoms, and can be explained fairly generally. For any given strain rate,
dislocations must either be waiting at an obstacle or moving toward a new obstacle, where the
waiting time depends on dislocation density and strain rate, and the diffusion time is a function
of temperature and dislocation density [113]. This explanation can be used to explain negative
strain rate sensitivity, since longer waiting times result in a larger number of solute atoms
segregating to a dislocation, and a higher stress required to move a dislocation at a given
velocity [113]. This idea is valid if both characteristic times are of the same order. If one
characteristic time is significantly different than the other, the result is positive strain rate

sensitivity.
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In this work, dynamic ageing was observed physically as the propagation of localized
bands of plastic deformation in the strain maps of samples deformed monotonically and those
aged at room temperature using digital image correlation. The wave-like propagation of bands

was also observed using section line strain plots of tensile specimens in the pulling direction.

While the propagation of the bands has been clearly identified, the type(s) of bands
present in 300M are still not entirely clear. The determination of the exact nature of the types
of bands present in 300M is an involved process, and is not performed in this work. It is well-
known for example that multiple types of bands may exist simultaneously and/or interact with
one another in complex ways. This problem is exacerbated by the highly complex
microstructure of martensite, which is strongly heterogeneous. Examination of a magnified
stress strain curve (Figure 62) from a sample tested at a strain rate of 0.00133s™ reveals the

complex flow stress present in 300M acquired using a data acquisition rate of 100 points per

second.
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Figure 62: Magnified stress-strain curve for a sample deformed monotonically using a crosshead speed of 1mm/min and a data
acquisition rate of 100 points per second

In summary, analysis of dynamic effects in 300M has confirmed the existence of the

Portevin-Le Chatelier effect for strain rates ranging from 0.00133-0.266s™. The effect almost
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certainly exists at strain rates higher than 0.266s™ as well, but no strain rates between 0.266-
0.399s™ were tested in this work. It is significant that no dynamic ageing was observed at
0.399s, as DSA is known to be present within a given range of strain rate and temperature. As
such, its absence at high strain rates reinforces the fact that it is indeed present at lower rates.
Additional tests at intermediate rates could identify the exact range in which dynamic ageing
occurs at room temperature in 300M, and could also shed light on the strain rate sensitivity at

the same temperature.

5.2.1 Effect of Prior Deformation on Dynamic Ageing

Investigation into the effect of static ageing on DSA or the Portevin-Le Chatelier effect
was conducted using flat and round samples by deforming them to approximately 2.5% and
ageing at room temperature for one hour before observing them. While differences in dynamic
behaviour would be expected due to the changes in mobile dislocation densities caused by
ageing, no significant differences were observed in the propagation of bands at strain rates on
the order of 0.00133s™. Bands of localized deformation propagated in a similar manner both
before and after ageing, with no discernible differences in band width, propagation speed, or
the timing or frequency of their appearance. While no quantifiable differences were observed
for low strain rates, any effects of static ageing would likely be more easily identifiable for strain
rates between 0.133-0.266s”, where the effects of dynamic ageing were most pronounced.
Material limitations and machining time precluded this investigation in this work, but

forthcoming studies will address this topic.

5.3 Static Strain Ageing

During deformation, dynamic effects play a large role in defining the mechanical
behaviour of interstitial alloys as shown above. Static ageing also has a significant influence on
the mechanical properties of a material, regardless of the presence of dynamic effects during
deformation. Static ageing effects such as those seen in this work are also a result of solute-
dislocation interactions, and were first described by Cottrell [55]. This section duplicates the

calculations performed by Cottrell and Bilby [70], and uses them in conjunction with Cottrell-
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Louat [114] [115] ageing kinetics to generally describe the strain-ageing behaviour observed in

this work.

5.3.1 Cottrell Locking Calculations
Cottrell and Bilby [70] were the first to develop an expression for the locking of

dislocations by mobile solute atoms. Their expression, shown below in Equation 3, describes

the probability of atmosphere formation for ageing times that are not excessively short.

n)% ADt

VO = no3(5) G2 3]

In the above expression, N(t) represents the number of solute atoms which arrive to
form an atmosphere in a given time t, N is the number of carbon atoms per unit length of a
given dislocation required to form an atmosphere consisting of one carbon atom on each
atomic plane, and A is an interaction parameter describing stress. The average concentration of
solute expressed as atoms per unit volume is represented by ng, the planar spacing is given by

A, diffusion coefficient by D, temperature by T, and the Boltzmann constant by k.

In order to utilize the Cottrell locking expression to determine an approximate locking
time for 300M, the original calculations performed by Cottrell and Bilby for an ambient
temperature of 293K were duplicated to ensure the accuracy of subsequent calculations. A
comparison between the calculated results and those generated by Cottrell and Bilby for a-Fe

are shown in Figure 63.
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Figure 63: Comparison of dislocation locking probability data for a positive edge dislocation in a-iron

As shown above, the repeated calculations show relatively good agreement with the
original results of Cottrell and Bilby, although the duplicated model predicts a marginally higher
fraction of locking in the later stages. While these calculations cannot identify an exact time
required for complete locking, a reasonable estimation can be made by extrapolation of the
data. It should be noted that the range of the calculations performed by Cottrell and Bilby was
deliberately limited, since outside of the given range Cottrell and Bilby determined that their
model would prematurely predict locking. Extrapolating the data to predict complete locking

then results in a wide range of potential characteristic locking times.

Due to the promising results of the original calculations, the expression for locking was
applied to 300M. As such, all parameters were re-calculated using the original method of
derivation in the work of Cottrell and Bilby. It is important to note that these calculations are
based on a dilute solution, and a value of 0.045at% C was used to simulate 300M based on
atom probe measurements made by Badinier on 300M [22]. Other conditions for accurate
results were described by Cottrell and Bilby, who stated that the validity of their method

depended on the value of Dt being greater than 10™°cm?. With these important considerations
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in mind, the estimated time required to lock a dislocation via atmosphere formation in 300M

was calculated to be approximately 500 seconds, as shown in Figure 64.
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Figure 64: Estimated locking time for a positive edge dislocation in 300M, calculated using the Cottrell-Biloy method [70]

An estimated locking time on the order of 500-600 seconds agrees well with
experimental ageing results, which demonstrated that a maximum increase in stress upon re-
loading was achieved in 1 hour or less, with the exception of very long ageing times (650 hours).
This is in spite of the fact that such a calculated time should prematurely predict dislocation
locking as discussed above. It should be mentioned that the calculations for dislocation locking
described by Cottrell are strongly dependent on the available solute concentration and
diffusion coefficient of carbon, neither of which are known with certainty for the case of
martensitic 300M. However, the aim of the above calculations was not to determine an exact
time required for locking, but rather to demonstrate that locking occurs in a reasonable

timeframe which corresponds roughly to the ageing behaviour observed experimentally.
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5.3.2 Cottrell-Louat Segregation Kinetics

A number of authors have examined and modified the Cottrell model in order to better
represent dislocation locking. Lai et al [114] utilized an expression for expressing the increase in
stress observed upon re-loading in terms of the ageing time t, the characteristic locking time t*,
and the observed maximum increase in stress Aomax based on segregation kinetics proposed by

Louat [115]. The expression for locking is shown in Equation 4.

AG = AGq(1 —exp|— (t_)s ) (4]

The above equation was used to fit experimental ageing data for samples which were
deformed, unloaded, and aged at room temperature as shown in Figure 65. A characteristic
locking time of 600s was used based on the Cottrell-Bilby calculations above, and that the fact

that the model was stated to over-predict locking.
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Figure 65: Modified Cottrell-Louat segregation kinetics proposed by Lai et al plotted alongside experimental strain-ageing data
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As shown above, both the Cottrell model and the modified Cottrell-Louat model used by
Lai et al strongly suggest that the dominant mechanism for strengthening following strain
ageing is the formation of Cottrell atmospheres at previously mobile dislocations. While
dislocation locking is likely not the only mechanism responsible for the strengthening of 300M

at short and intermediate times, it certainly has the greatest effect.

5.3.3 Additional/Alternative Contributions to Strengthening

Haasen and Kelly [105], among others, have demonstrated that small yield point
elongations and transient stress increases occur in pure materials and at low temperatures
where dislocation locking is impossible. Haasen and Kelly explain that this behaviour is due to
the rearrangement of dislocations which occurs upon unloading the material. While this effect
may be present in 300M, it cannot adequately explain or completely predict the strain ageing

behaviour observed in this work.

The most obvious reason that the Haasen-Kelly effect cannot be responsible for the
ageing behaviour of 300M is that the maximum stress increase observed during their work was
approximately 3MPa, compared to increases of over 30MPa observed above. Haasen and Kelly
also noted that there was no dependence of the increase in stress on time for times ranging
from 1 minute to several hours. The results in this work however have clearly illustrated that a
dependence of stress on time exists, and can be explained using Cottrell-Louat segregation
kinetics. Finally, Haasen and Kelly noted that the effect observed in their work was only present
if samples were aged under a reduced load, while unloaded ageing shown above demonstrate

that an applied load is not required to generate an increase in stress upon re-loading.

Other mechanisms may also be partially responsible for some of the strengthening
observed after ageing. Snoek ordering for example is likely responsible for the small initial
increase in strength observed after ageing for very short times such as one minute, as this
effect has been noted to take place in seconds at room temperature [100]. The
mechanism for the strengthening observed after long time ageing is not examined in detail in
this work, but the strain tempering explanation discussed by Cohen provides a reasonable

explanation [96]. Citing the work of MacDonald [116], Cohen describes the dissolution of
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transition carbides in deformed martensite after re-tempering at 200°C. Cohen found that all of
the transition carbides present in a 0.45 wt% C steel were dissolved by this process, and
explained that this was due to the introduction of low energy interstitial sites introduced by
prior deformation [96]. Kalish and Cohen investigated strain tempering over a wider range of
conditions, and found that the large increase in stress after strain tempering was due to the
segregation of carbon atoms to the newly formed mobile dislocations [8]. They also noted a
contribution due to stress induced ordering. The process of carbide dissolution via strain

tempering described by Kalish and Cohen is shown in Figure 66.
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Figure 66: Diagram illustrating the dissolution of transition carbides due to carbon gradients induced by strain tempering taken
from Kalish and Cohen

The strain tempering process described by these authors is analogous to the
experimental procedure in this work, where the re-tempering is replaced by ageing for long
times at room temperature. This process should produce similar results so long as the ageing

time is sufficient.

5.4 Transient Effects

As shown experimentally, the strain ageing of 300M steel at room temperature results
in a significant increase in 0.2% strength upon re-loading. This strengthening manifests itself as
a sharp “transient” increase in yield strength ranging from 30-100MPa depending on the

amount of deformation and the ageing time. This increase in strength is said to be a transient as
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the rise in flow stress is temporary, and is followed by a gradual decrease to the stress level

observed in an un-aged sample deformed monotonically to failure.

The maximum strengthening of 300M which was achieved in this work was just over
100MPa, measured via 0.2% offset stress after an initial deformation of 6%. Deformation
beyond 6% in tension still likely resulted in strengthening in a diminished capacity, but this is
difficult to determine due to necking. Long time-ageing also resulted in higher strength than
the local maximum which was achieved after ageing for short and intermediate times, and a
mechanism other than dislocation locking is presumed to be responsible. Since the maximum
stress observed in this work occurred in a sample aged for relatively short times, the maximum
strengthening could presumably be further increased by ageing for long times (600+ hours) at

room temperature.

The transient strengthening effect demonstrated in this work can be described using the
evolution of mobile and forest (immobile) dislocation densities via a dislocation model
proposed by Kubin and Estrin [117]. The model computes the evolution of the mobile and
forest densities as a function of strain based on the initial and saturation values of the
dislocation densities. The coupled differential equations used to compute the evolving densities
are shown in Equation 5 and Equation 6, where p,, and ps represent the mobile dislocation

densities respectively.

(s

C 5
dpm/de = b—;— Copm — (7)01‘1/2 >l

C 6
dpg/de = Copp + (f) prt!? = Cupy 16}

The parameters in the above equations represent the multiplication of mobile
dislocations (C;), the trapping and annihilation of dislocations (C,), immobilization due to
interactions with forest dislocations (Cs3), and dynamic recovery (C4) [117]. These constants are

calculated based on the initial and saturation densities, as well as their relative weight at
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saturation and the relaxation strain associated with the forest dislocation density [117]. The
resulting deformation-induced dislocation density versus strain plots then resemble those

shown in Figure 67.
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Figure 67 a,b: Evolution of the mobile (left) and forest (right) dislocation densities with strain as described by Kubin and Estrin
[117]

These differential equations can be applied qualitatively to describe the strengthening
observed in strain-aged samples in this work by recognizing that after ageing, the large number
of mobile dislocations produced during deformation will become locked via solute atoms and
become forest dislocations, thus increasing the forest dislocation density beyond the saturation
value. The important parameter which then describes the transient increase in strength
followed by recovery is the C4 term which represents dynamic recovery in the forest dislocation
evolution equation. If the forest dislocation density is suddenly increased beyond its saturation
value through deformation and ageing, the system will reduce the number of forest
dislocations via annihilation, reducing the stress required to move mobile dislocations through

the material as it deforms.

The model described above was applied to this work in an effort to describe the

transient strain ageing behaviour observed experimentally. The evolution of the mobile and
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forest dislocation densities was calculated using Equations 5 and 6 and a set of fixed initial and

saturation conditions described by Kubin and Estrin [117].
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Figure 68 a,b: Duplicate calculations for the evolution of the mobile (left) and forest (right) dislocation densities in a given
system as described by Kubin and Estrin

As shown above, the duplicate model created in this work was successfully able to
model the evolution of the dislocation densities in a system described by fixed initial conditions.
The next step in modeling the transient strengthening in this work was to simulate strain-ageing
by artificially inducing “locking” in the system. This was done by decreasing the mobile
dislocation density and increasing the forest density simultaneously at a given strain. The

results of this simulation are shown below in Figure 69 a and b.
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Figure 69a,b: Evolution of the mobile (left) and forest (right) dislocation densities before and after simulating 90% dislocation
locking
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As predicted, locking substantially increases the forest dislocation density which must
attempt to restore itself to the saturation value via dislocation annihilation, and the mobile
density continues to increase with strain as deformation resumes. After validating the effect of
locking on the dislocation densities, the model was coupled with stress using an equation from

work by Estrin [118] as shown below in Equation 7.

[7]

The expression developed by Estrin describes the evolution of stress as a function of the
plastic strain rate €, fitting parameters m and ¢, ratios of the dislocation densities X and Y, and
0o, Which is a product of the shear modulus (G), burgers vector (b), Taylor factor M, a constant
a (typically about 0.15), and the initial forest density (ps) as shown in Equation 8. The
parameter X is defined as the ratio of the current mobile density over the initial density, and Y

represents the same ratio for the forest dislocations.

0o = MaGb.[ps, (8]

Coupling the dislocation evolution equations with stress and adjusting the initial and
saturation dislocation densities accordingly then allows for the modeling of the transient stress
increase observed in 300M after ageing. A simulation of the increase in stress resulting from

induced dislocation locking is available in Figure 70.
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Figure 70: Modeling of the transient stress behaviour in an aged sample as a result of evolving dislocation densities

While the model is adequate in terms of re-producing the increase in stress produced by
strain ageing, further work must be done in order to match the fraction of locked dislocations
with magnitude of the increase. Currently, the model predicts significant increases in stress
with only 5% locking of mobile dislocations. In order to accurately reproduce dislocation
locking, the fitting parameters must be adjusted such that large increases in stress are
produced by higher fractions of locked dislocations. Additionally, this simplified model does not
consider the heterogeneous structure mentioned earlier, which would result in staggered
dislocation “breakaway” from solute atmospheres due to variable yield stresses present in the

material.

5.4.1 Effect of Ageing on Ductility

In an effort to quantify the effects of strain ageing on ductility, the reduction in area was
calculated for each round specimen using low magnification SEM fracture images and Image)
software. Most ageing treatments did not display a clear trend, and displayed an average of
40% reduction in area regardless of pre-strain or ageing time for samples aged up to 72 hours
at room temperature. Tensile round samples tempered at temperatures exceeding 200°C

however showed a slight decrease in reduction area with decreasing tempering temperature,
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which shows good agreement with experimental stress-strain results and the observations of

other authors [110].

Samples aged at room temperature for very long times (650 hours) demonstrated the
largest decrease in reduction of area of all samples tested in this work, and the reduction in
area measurements for these samples are shown in Table 11. This is in good agreement with

authors who have stated that strain-ageing results in decreased ductility.

Batch ID Pre-strain Ageing Time Ageing Reduction in
Temperature Area
159340 1% 650 hours 25°C 27%
159340 1.5% 650 hours 25°C 27%
159340 2% 650 hours 25°C 26%
159340 2.5% 650 hours 25°C 17%

Table 11: Reduction in area measurements from selected round tensile specimens aged for long times

As shown above, this work demonstrates that strain-ageing reduces the ductility of
300M, but only in cases where samples were aged for very long times or re-tempered. The
discrepancy between this work and others could be explained by the significant tempering
process used for the 300M in this work, or variation in the reduction in area measurements.
The fact that only tempered specimens or those aged for long times experienced any significant
reduction in ductility could indicate that carbon segregation is at least partly responsible for the
decrease in ductility. As such, additional work could clarify any potential segregation to
microstructural features such as boundaries, or the dissolution and re-precipitation of carbides

hinted at by Stephenson and Cohen [110] and described in detail by Kalish and Cohen [8].

5.4.2 Effects of Ageing on Strain Rate Sensitivity
One of the most interesting experimental observations noted in the course of this work

was the apparent transition in strain rate sensitivity observed in samples after strain ageing at
room temperature. While monotonic testing yielded negative strain rate sensitivity when
tested at room temperature, samples that were strain aged at room temperature exhibited
what appears to be clear positive strain rate sensitivity upon re-loading. Leslie and Sober noted

a transition in lower carbon steels than the one used in this work, where the strain rate
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sensitivity of the material shifted from negative to positive after a critical strain rate, which they
determined to be on the order of 0.01s™. This transition did not occur in any tests performed in
this work, and the mechanism responsible therefore cannot be responsible for the shift to

apparent positive strain rate sensitivity.

The most surprising aspect of the apparent positive sensitivity observed in this work is
that dynamic ageing effects persist during tests which seemingly show positive strain rate
sensitivity. This is notable since negative strain rate sensitivity is generally held to be a
manifestation of dynamic ageing [63] [115] [59]. It is possible that the strain rate sensitivity is
indeed positive at low strain rates (0.00133-0.0133s) after ageing, and reverts to negative
sensitivity at rates approaching 0.133s™. This transition would be difficult to observe using only
the existing test data, since the negative sensitivity above 0.133s™* could only be observed by
testing at higher rates to determine if a drop in flow stress occurred. It is more likely, however,
that the increases in stress and changes in the material induced by deformation and ageing are

masking what is in fact still negative strain rate sensitivity after re-loading.

5.4.3 Effects of Applied Stress during Ageing

Throughout this work, samples were aged in the presence and the absence of applied
loads. No significant differences were observed between the two loading conditions, as both
experiments resulted in a strengthening of approximately 60MPa after ageing at room
temperature for one hour. The similarity in strengthening after ageing was somewhat
surprising, as the work of Wilson and Russell demonstrated that low carbon steel aged at room
temperature developed a larger increase in yield stress when stressed during the ageing
process [100]. The steel tested by Wilson and Russell was untempered however, so significant
auto-tempering and segregation after deformation may explain the discrepancies between
their results and this work. If the presence of an applied load increased the magnitude of
strengthening it is possible that a more significant difference between loaded and unloaded
ageing would be observed for 300M if the samples were aged for longer times, which would
allow for greater solute segregation. This possibility is reinforced by the fact that Wilson and

Russell observed a maximum in stress after ageing for over 160 hours [100], and the maximum
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increase in strength observed in this work also occurred after ageing for long times. It is also
possible that an applied stress alters the short time kinetics of ageing as the results of Imanaka
and Fujimoto suggest, in which case the ageing time of 1 hour used in this work would not have
revealed an effect [104]. In this case, the effects of applied stress would be more apparent after

shorter ageing times.

5.5 Failure Mechanisms and Fracture

5.5.1 Failure Analysis

Throughout this work, the fracture surfaces of tensile specimens of all sample
geometries were catalogued and examined. All samples displayed significant evidence of
ductility, including finely dimpled fracture surfaces and the average 40% reduction in area for
round tensile specimens. All fracture surfaces were also characterized by significant topography
that manifested as flat surfaces either above or recessed below the general fracture surface.
These features also displayed fine dimples however, and do not represent evidence of brittle
failure. Ageing for short to intermediate times of up to 72 hours did not result in any change in
the ductility of the material, but ageing for long times (650 hours) and tempering resulted in

the appearance of some apparently brittle facets, implying that strain-ageing reduces ductility.

Sample geometry also had an effect on the failure of 300M. Flat specimens exhibited a
lower failure strain and slightly increased tendency to display mixed-mode facets when
compared to rounds, both before and after ageing. Of all sample types, the notched specimens
displayed the most evidence of a mixed fracture mode. The presence of facets in conjunction
with dimples provides evidence that the state of stress induced in notched samples promotes a
transition towards a brittle or quasi-brittle fracture. The nature of the induced brittle fracture
appears to favor a transgranular mechanism over an intergranular fracture mode, based on the
angle of the facets. Some facets and terraces appear at an angle to the fracture surface,
however, and these could be due to cracks propagating along parallel packets or a portion of a

prior austensite grain boundary.

Zok studied the deformation and fracture of ductile and brittle materials, and

determined that the mechanism which governed ductile fracture in tempered 4340 was the
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nucleation of voids at carbide particles [90]. He also noted that this was significant because the
failure of 4340 cannot be modeled in terms of the growth and coalescence of voids. The
structure and composition of tempered 4340 is extremely similar to the 300M used in this
work, and the failure mechanism described by Zok may explain the nature of the fracture
observed in this work. If the transition carbides present in 300M are preferentially located at
lath, grain and packet boundaries as TEM indicated earlier, void nucleation on these particles
could explain the nature of the ductile fracture observed. This would be consistent with the fact
that the size of the observed features is on the order of parallel packets, blocks, or a section of
a prior austensite grain boundary in the microstructure (30-50um). Evidence of void linkage
appears to be prominent around the circumference of the terrace-like features as well as
shown in Figure 71, which supports the failure mechanism of void nucleation at second phase

particles.

Figure 71: SEM fracture image for a sample deformed to 1% and aged at room temperature for 650 hours

Zok also observed delamination in certain samples, which he attributed to de-cohesion
of prior austenite boundaries or fracture along inclusion stringers [90]. No delamination was

observed for 300M, but this may be explained by a lack of cementite particles at grain
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boundaries and a much lower inclusion population as a result of the vacuum arc re-melting

(VAR) treatment.

5.5.1 Inclusion Analysis
Brown and Embury demonstrated that large diameter inclusions and clusters caused a

greater reduction in failure strain than small particles since the voids nucleated on a particle
were more than twice as large as the particle itself [119]. Their work also postulated that failure
strain depended strongly on the volume fraction of inclusions so long as the total volume
fraction was less than 5% [119]. An expression for failure strain was developed as shown in
Equation 9, where f is the volume fraction of inclusions, €, is the necking strain and €7 is the

failure strain.

T 2
€T=ln( Z__ §+£n)

Equation 1: Failure strain dependence on the volume fraction of inclusions as described by Brown and Embury

Another conclusion from the work by Brown and Embury was that the fracture
toughness of a material was directly proportional to the failure strain, and thus the volume
fraction and radius of inclusions [119]. Their work provides a convincing explanation for the
reduced fracture strain and brittle behaviour observed in the tensile specimen that contained a
vastly larger number of inclusions, as the larger number of particles allowed for greater
nucleation and linkage of voids which caused failure earlier than expected. Work on nucleation
of voids around inclusions and second phase particles has since continued and been improved
by authors such as Thomason, but the simplified conclusions drawn by Brown and Embury

remain valid [120].

102



Chapter 6 - Conclusions

6.1 Summary and Key Results

This work has furthered the understanding of the effect of strain-ageing on the
mechanical properties and fracture of high strength steels. While the body of literature on such
steels is extensive, this work has provided a broad perspective using modern tools to provide a

general understanding of the deformation of martensite and how it can be modeled.

The existence of dynamic strain ageing in 300M at room temperature has been
confirmed for a range of strain rates between 0.00133-0.266s" using digital image correlation
techniques. The presence of negative strain rate sensitivity at room temperature was also

observed, in good agreement with the presence of dynamic ageing.

The mechanical response of 300M to strain ageing has been comprehensively studied
and summarized. The maximum increase in strength measured by 0.2% offset stress was over
100MPa, and occurred after 6% deformation in tension and ageing for several hours. It is
estimated that this value could be increased further by ageing for very long times at room
temperature. The mechanism of dislocation locking responsible for strengthening after ageing
was examined, and the dependence of the increase in strength on time was explained using
Cottrell-Louat segregation kinetics. The transient flow stress behaviour occurring upon re-
loading after strain ageing has also been successfully modeled using the evolution of mobile

and forest dislocation densities.

The effect of strain ageing on fracture in 300M was also examined, and the mechanism
responsible for failure was hypothesized to be the nucleation of voids on second phase particles
concentrated on lath, packet, and prior austenite grain boundaries. The influence of second
phase particles and inclusions on fracture was also examined, and the brittle behaviour

observed in certain material was found to be a result of a much larger density of inclusions.

6.2 Future Work
This work has revealed a number of topics that merit further investigation, which are outlined

below:

103



1)

2)

3)

4)

The presence of dynamic ageing should be further investigated to determine the exact
strain rate range in which dynamic effects can occur in 300M at room temperature.
While the existence of dynamic ageing was confirmed in this work, the exact regions of
temperature and strain rate where it is present should be identified.

The effect of deformation on dynamic ageing should also be investigated further, in
order to determine if deformation affects the strain rate sensitivity of 300M or simply
masks the negative rate sensitivity observed in this work.

While the segregation of carbon is strongly inferred in this work, investigation using
atom probe tomography could provide insight into the mechanism responsible for the
strengthening observed after long time ageing. The possibility of carbide dissolution as a
result of deformation and ageing should also be examined and quantified.

The dislocation evolution model for the flow stress behaviour following deformation
and ageing should be further refined so that the deformation of 300M can be simulated

with relative accuracy.
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