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. - CHAPTERL . ..
| 'INTRODUCTION | |

The devdldpment of sfrong, fough;'eaéilﬁ weldabie steels
‘with Qiéld stresses greater than ebAkai for pipdlinﬁ,-preqsure{
veasqls,;the automotive indﬁqtfy-ﬁhd structural abplicdtions
at an aconom{gallyla;tractiﬁeicost'hag been perhaps the most . -
commercially significant achievement by metallurgists in the
lasf decade, " - . | '

» .

The general requirements for ﬁhis clﬁss of qteeia afa
high (50 - 100 ksi) yield strength, adequate t'oughness,r‘ welda~
bility and formability, corrosion resistance and economy of
'prqducfion. |
In order to attain high yvield strength and adequate
toughness.there are se@eral different approaches in practice
characterized by the following factors: U‘
- The use of alloying elements such as Nb, Vv, Ti which
promote both grain reffnement of the austenite and
precipitation hardening in the ferrite.
- The ability to prbcess the austenite phase by hot de-
formation in a controlled manner involving both the

degree and the temperature of deformation and the sub-

sequent-cooling rate. . e



's;f; In additlon to the control of the alloy content ;hefl
‘f'trend has beenAto improve weldability by reducing the
“.lcarbon content | | _ ‘

- ;"Thecdemand for an isotropic structural HSLA material

. ‘has led to the practice of inclusion control using :

both desulphurization practices and sulphide shape

'—'.modification R T

: Much ef@brt has heen made to produce steels with an.

;ultrafine grain size (l-5u) Reduction in transformation

.temperature increases ferrite nucleation ‘and reduces the

‘grain ‘gize of steel Also at a greater degree of undercool-'

ing more free energy is available to produce plate’ and needle
morphologies ﬁence the faster growing acicular products
domlnate in the structure at lower transformatlon temperatures.

The graln size obtained by reducing transformatlon temperatures

may be further refined by finishing the rolllng at’ lower tem;

-peratures. .Figure 1 shows the grain size as a function of

the transfofﬁation temperature for different finishing temper—

(1)

atures Mostcontrolled rolled steels presently prbduced are

based on this practice. Other methods of refining grain size
‘involve use of NbCN particles.

. Beside the grain refinement, which acts as the“principal
strengthening mechanism in this family of HSLA steels, preci-
pitation hardening, substructural strengthening and solid-
solution strengthening a2lso contribute to the higher yeild

strength.

As a result of different approaches there are a number
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- is more 1mportant. For the pipeline application, the impor-

| of grades of the HSLA steels which can be divided into the

following categories.
‘ . \ 7. ) R
Quenched and tempered HSLA steels . T —

Acicular ferrite HSLA steels

Polygonal ferrite nearlite reduced HSLA steels-

Precipitation hardened HSLA steels
In the past for many engineering applications the speci~

'fication and comparison of materials have been based only on

1.

tensile properties such as the yield strength or the strain.
‘to_tailure. However, specific requirements vary tor each
application' For ekaﬁple 'an important‘property ior;automo;;..'
.'tive industry is the formability of strip material whereas,
for structural uses the weldability of heavy plate sections /'
f

tant characteristics are high yvield strength, fracture tough-
ness, weldability and economy of production. .Many fabrication
processes such as UQOE pipe-making process, subject the mater-
ial to strain reversals, which may lead to reduction in the
strength due to theNBanschinger effect. It is important to
be able to predict the influence of the microstructural con-
stituents, not only on the yield strength, but also on such
features as the form of yielding and the behaviour of mater-
ials in the reverse flow.

So far, the .results of these developments have shown the
need:

1. to understand the complex phase transformation cccur-

ing during continuous cooling of the thermomechanically



i
e, T

i )]

: processed low alloy steels, T 3.:-' o

.-to give a detailed description of the complex trans-

—

- F

. formation products,"

to- correlate the microstructural parameters with. the

mechanical behaviour of the materials.‘

A hetter understanding and definition of the major mater-

ial parameters could lead to more suitable/specifications for

=

o _each particular application of HSLA steels..

The materials used in this study were chosen so that the

“influence of a variety of microstructural variables on frac—,

- ture and formability could be stud;ed ‘The materials included

both acicular and polygonal ferrites and precipitation hardened

ferrltic structures with various distributions of both non-

metallic ‘inclusions and non-ferritic phases.

The objective of this study was to establish the relation-

ship between basic mechanical properties, fracture and forming

characteristics and the microstructural.featnres. In addition,

an effort has been made to define the behaviour of these mater-

ials in reverse straining, as a very important characteristic

for pipeline applications.

For clarity of presentation, this study is divided into

chapters which deal with the following topics:

2.

3.

The characteristics of the materials
The basic mechanical properties
The assessment of formability

The‘metallographic studies of failure



m‘.

'IIG:;The reverse strainlng behaviour and the Baushlnger
}‘.effect . | S

_7..Conc1usions i

The present study was concluded on the commercially avall-‘

eble materials. _Beceuse of-the large“amount needed and the'
reproduclhilltv'of.theee'mnterlals in a Wide-rEnge'ofdeection

: sizeéﬂ anfadequate characterization of these HSLAreteele isﬂof-
;great 1mportance for the present industry The advantage of -
this’ study is the use of hlgh volume comme;01a11y produced

_ materlals but dlsadvantages are the difficultles to quantlté— '
t1ve1y characterize materlals because of the lack of knowledge
of. the mater1a1 historles from nngot to the flnally produced
plate.' N ' ‘ ’

| - Some of the experlmental work concerned w1th basic mech— ,
. anical properties and formablllty was performed in’ conjunc-

tion with Mr. H. Herg, during his stay at McMaster

University. T ' ,



TABLE I

>

CHEMICAL COMPOSITIONS - DT I S PRSP P

Alloy . . C R e S :’; Gra:m Slze ;

Average :

Designation c S O M Mo No  Ni. ' Cu . Si AL~ Processing - _mmx 1077 -

Ipsco 0.063 _ 0.023° 0.002 1.6 0.25 0.05 - = - 006 002 ' hot rolled and "2_-_6_;
3/8" : | L o . - fihished'at - = . .
IR .+ 1600°F .

\olycorp . s : s T
X-80, 1/4"  0.059 0,002 0.003 1.71 0.14 0.10 . - - 0.6 '0.06 - soaked at 2350°F 32
Y ' SR " ‘and hot rolled ' R
p ‘ o ’ L : oL flnlshlng at
' ' IEERU 1650°F

X-8, 5/8' 0.063 0,001 0.008 1.71 0.14 0.0 - _ 0.67 0.06 - soaked at 2350°F 5.3 . 1
I L o and hot mlled - I
I - * finishing at -
1450°F ==

INCQO 787 IR | B N
172" 0.03¢ 0.011 0.002 0.44 0.21 0.045 0.8 116 .0.28 - hot rolled 1205 e
’ s S - normalized: fran_" . :

-~ 1650°F and TR
i 1 hour at 13%88}*
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CHAPTER 2

o

THE CHARACTERIZATION OF THE MATERIALS

»'.'/

: In order to give an adequate description of the micro-‘ '

\

structural features of HSLA steels, it is neceesary to con-
t"'sider the. effect-of both the composition and the thermo—

' mechanical history on the transformation of austenite underi
continuous. cooling couditions _

| In general the addition of alloying elements and the
controlled rolling practice 1ead1to ‘the production-of fine-
grained ierrite transformation products, from austenite fin-
isped at low temperature. The'continuoue-cooling transforma-
tiops can be predicted with the aid of the diagram in Figure
2 which’ gives the conditions in which polﬁgonal and non-
‘polygonal ferrite structures are produced(z).' In addition to
the morphology and scale of the ferrite, redistribution of
carbon during transformation plafs:niimportant role in the
formation of non~ferritic products. Carbon may be in the

form of small alloy carbides, precipitated either at the trans-
formation interface or in the ferrite. Also, the rejection

of carbon from the growing ferrite may result in the formation
of regions of retaioed austenite or martensite(3). The

amount and distribution of the austenite-martensite constituent

PN
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”1depends on the thermal history, ‘on the kinetics of the trans-.
h"=formation and on factors such as the homogeneity of the dis--,'_*”‘.

;-:tribution of some alloying elements e £ manganese

The amount and the distribution of this complex micro— o

'ﬂconstituent appears to be very important because as shown
- later, the austenite—martensite microconstituent plays a’ major
‘role in determining the Yielding characteristics and energy

, absorption in HSLA steels.

P )
It ‘Was decided that the study of the. microstructure of

" these steels would be limited to the ‘use of

-_n
'a) Optical microscopy, and -

b) Scanning.Electron.Microscopy.
The use of Transmission'Electron Microscopy was excluded
bécanse of time considerations. It was felt that a thorough
TEM study of these materials would itself be a major project.
For clarity, the study of the microstructural features
of tested HSLA steels is divided into sections dealing with:
a) Microstructural features of Ipsco—Climax HSLA steel,
b) Microstructural features of Molycorp X-~80 HSLA steels,

c) Microstructural features of INCO 787 HSLA steel.

a) Microstructural features of Ipsco-Climax 3/8'" HSLA Steel

The original development of Ipsco Mn-Mo-Nb steel (in
later text Ipsco steel), was proposed by Ipsco-Climax-
Molybdenum Company and is based on the concept of combining
transformation strengthening with precipitation strengthening

(4) 4

in an acicular ferrite matrix his concept involved the use



i'of low carbou contents for improved toughness weldability
VI.and formability, alloying with Manganese Molybdenum and

"Niobium in order to suppress the y-u transformation tempera-l
'-ature and subsequently form a predominantly high strength finew‘L'

1rgrained acicular ferrite structure o |
-The\ﬁrsrostructure of Ipsco steel shown in Figures 3 and 4
fconsists of an acicular ferrite matrix with small amounts of |
cementite and austenite—martensite islands. According to the_."‘

5)

literature( . the acicular ferrite is composed of groups of
Vparallel ferrite laths arranged in colonies with a small lat-
tice misorientation between individual laths = and a high
dislocation density " The microstructure of the acicular
ferrite is too complex to permit a quantitative estimate of
the dislocation density or the extent of precipitftion by TEM.

The main features visible on the optical and on the
Scanning Electron Microscope (SEM) microgfﬁphs are the general
scale of the structure with grain size of the order of 2 -3 um,
and the absence of a network of prior austenite grain bound-
arles (an important distinctionlbetween acicular ferrite and
bainite structures).

As far as chemical composition 1is concerned, the major
alloying element in this steel, Manganese, is added to reduce
the ferrite-pearlite transformation temperature, forming fine-
grained acicular ferrite and also to act as a solid-solution
strengthening component. Molybdenum is used primarily for its
effect on the continuous-cooling transformation characteris-

tics. As it is more effective in retarding {errite than
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‘bainite, it acts in comjunction with manganese to prbdqceJ'
rfine-graiﬁéd acicular ferrite.. Niobium, the most effective

;,alloy element for'fefining grain size of all contrg?léd-rolléd

e

:eteels,”lowefs the austenite-ferrite-trénsformatign_temperature

and a130-coﬁtributes fo the precipitation strengtheﬁing by pre-

‘cipitation-of niobium carbo nitrides - Nb(C,N). Low Carbon

was specified since only 0.pl to 0.02% is required for Nb(C,N)

N

‘precipitation, and any increase above this level is detriméntal

to the_mechanical properties and to the welding behaviocur. How-

ever, it is not practical to speéify carbon contents -lower than

~ 0.06% for steelmaking. This steel has a high Sulphur content

(0.020% S) and thus, a:high volume fraction of manganese sul-

- phide inclusions are observed in the microstructure. These

inclusions, highly elongated during rolling, are distributed

in the planes parallel to the rolling planes.

b) Microstructural features of Molycorp X-80 Steels

The chemical composition of these steels was proposed by
Molybdenum Corporation 6f america(6) as an economic}l means of
obtaining stée]s with mechanical properties suitable for con-
struction of large diameter pipes for use in the Arctic. Tt
is a low-carbon Mn-Sinsteel containing 0.10% Nb, produced by
control-rolling followed by accelerated cooling and ageing.

In these HSLA Nb-Mn-Si steels, the inclusion content was re-
duced to very low values by a combination of desulphurization

and deoxidation. In addition, the shape of the rcmaﬁuing sul-

phides was controlled by the use of rare earth elements
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The mlcrostructures of these stee&s are presented 1n

. %t—f‘
EFlgures 6. and 7 The main - constlfuents are. polygonal flne—

"gralned feeflte w1th statlst1Ca11y dlstrlbuted ”pearllte"-'
,;reglons in a/8"-th1ck plate and a banded ferrlte-pearllte o
*structure 1n 1/4" plate, Flgure,f I Careful optlcal and SEM

flnvestlgatlons-show.that in 5/8"-p1ate the "pearllte" reglons

"jcon51st of very. complex transformatloanroducts such -as mlx-

rtu;es‘of blpcks~of retglned austenlte and_hlgh carbon marten31te(3)'
_In-addifion.fo the’fofmation of carbides; the rejeetion of
carbon frem the growing ferrite reeultsiin the fqrmatien of
reglons of retalned austeeite or martensite.. The amount and
'dlstrlbutlon of the éustenite;martehsite consfituents depend
both on the thermal history and kinetics of the transformation
and on factors such as the howogehiety,of the diétribution of
the substitutional alloying eleﬁents. Further investigations
have indicateq that these complex austenite-martensite regions
may' be accompanied by residual stresses in neighboring regions.
Control rolled 1/4" plate is characterized by a fine
ferrite-pearlite banded structure accompanied with cementite(7)
distributed at the grain boundaries and often in the pearlite

banded planes.

¢) Microstructural features of INCO 787 Steel

INCO 787 was developed from a Ni-Cu-Nb steel base using
methods designed to meet the requirements for gas transmission

pipeline, especially those to be built and operated in areas

(8)

of extreme climatic conditions The alloying procedure
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'rallowed both strength and toughness to be 1ncreased whlle re—
.‘:talnlng excellent %eldablllty “In v1ew of the appllcatlons
-'?for “hlch the steel was 1ntended ‘much of the development work'
1nvol;ed 1/2" plate 1n a) the as- rolled ~b) ‘rolled: and aged,
' c) nor@allzed and aged and d) quenched and aged condltlons
AAThug the steel is versatlle and appears to be suitable for a
number of structurel and general'engineering.appllcatlons id
a wide range. of sedtibn sizesz Small amounts of-"Cr and Mo
afe added to delay auto-ageing on cooling after hot rolling.
Copper.provides age-hardening by precipitation of the copper-
rich epsilon.phaée in ferritecg). However, when .copper is |
present in amounts greater then.0a4%; it tends to cause sur-
face creackihg during hot rolling, known as 'hot shortness™.
Nickel additions in the ratio of about 1INi:2Cu are required
to minimize this effect.

The microstructure of this material, shown in Figure 8
consists of relatively coarse pof&gonal ferrite with a small
amount of pearlite. The average grain size p% ferrite in
tﬁef;s~redeived condition is relatively coarse, and after
normalizing at* 900°C for 1 hour and ageing at 540°C for 1
hour, a remarkable change in grain size is observed, giving
an average grain size of = 12 -15um dith considerable reduc-

tion of pearlite content.
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TABLE II

H. S. L. A. GRAIN SIZE DIAMETERS

Material Average Gr‘aih Size (Microh)‘
Rolling Direction .Tlhickne,ss'pirectit_)_r.x'
X-8G, 1/4" 3.6 ” 2.6
X-80, 5/8" 6.3 . o | 4.5
Znco 787, 1/2" 14.5 | : 5  S 11.3 e
Ipsco, 3/8" 2.2 2.5




CHAPTER 3 -

BASIC MECHANICAL PROPERTIES . |

JL.Ténsile tests’ﬁave been‘peffbrmed on éli the test mater-
ials using 0.207" x 0.375".flat samples, shown schematically
in Figure 9. The tests were, performed on a 10,000 1b. Instron
téstiﬁg machine, using a crosshead speed of 0.05 ins/min.. The
speéimens were fﬁken-paréllel and pefpendicular ta the rolling
direction oflthe plate, and a one inch Instron strain gauge
extensometer was used éo record changes in the length.

For determination of the plastic sfrain ratio, the re-

sults for through-width and through-thickness deformation

were taken from the samples deformed at about 13 - 15% and-

*
f

culated using measurements of the reduction im area. To eval-

r-values were calculated. The strain to fracture € was cal-

uate the strain hardening index, n, the tensile true stress-
true strain data were fitted by the empirical power-low equa-

tion

= =n
a =4
OE

In Table IT are listed all tensile parameters determined, and
Figure 10 shows representative stress-strain curves for the

materials.

Both Molycorp X 80, 1/4" plate and INCO Y87 1/2" exhibit
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TABLE II1I ‘ \\

MECHANICAL PROPERTIES ;
Lower : ' ‘ ‘\ Stfain- A B
Orienta- Yield to e
tion  Stress Tensile Fracture Fracture - Luders Uniform Insta- i ~Total:~"
Alloy long=L or0.2% Strength Stress Strain  p 4 r  Strain Strain bility , -9 Elong. -
Designation Trans=T Offset ksi ksi e} % Value 9, € . e* n' . ksl %
T 69.1 >~ 99.1 160.5 0.71 51 0.83 0.. 008 010 0125 145 21
Ipsco 3/8 L 67.1  95.4 187.3  1.08 66 0.69 0y, 013 014 0125 141 26
Molycorp T 82.5  95.2 180.2 109 66 © 0.66 3  0.16. 015 0145 146 - N/A
R-80, 1/4 L 81.8  94.0 210.0 ~ 1.27 72 0.64 3 014 ~ N/A. - 0.155 148 ‘- 36. i
Molycorp T 74.0  106.4 187.1  0.89 58. 077 .0 0.13 "~ 0.4 . 0.140 162 27
4-80, 5/8 L 7.0  103.3 180.6  0.85 57  0.84 0 0.13 . '0.13 0.135. 154 24 |

IN%)Q.?.B? L 65.3  85.4 200.5  1.37 75 0.85 2 0.14 0.15 [ 0,160 _ 134 - 32
(Normalized T 59.0 80.7 177.0 1.27 72 1.00 1 0.8 0,17  0.165 127 34 i
and Aged) ) : I - : - - :
-.‘V by E
N/A - Not Available .
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Figure 14 - A diagram showing the variation of flow

stress and work hardening rate with true
strain (from ref. 5)
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square-type stress-strain curve. The acicular-ferrite Ipsco

25
[
a discontinuous yielding with large Luders elongations and

. . . . . . T .ol . . ..‘
3/8" steel is a typical representative of maggzigls with con-
tinuous yielding and rounded stress-strain curves. Mo exp\\ﬁ;:H\\ _____ .
. P o . ) . . ) . ‘—______N\ :___\‘\
X-80, 5/8" plate shows behaviour intermediate between the e
square to the round type of stressestra;;iga;gggfﬁ““;ﬁ%\ﬁ“__

: - —

. R __\\u .
The workzggrdening exponents, n, (computed using the ) -

above equation) for all the teéted materials are very low and
lie between 0.12 and 0.16, giving the éorresponding values
for the unifqrm strains in the range of 0.13-0.18. 1In order
to defiﬁe more accurately uniform strain, true stress, o, —true
strain, €,_and do/de - € were plotted and the intersection be-
tween the falling do/de versus € and the riéing g versus ¢ ﬂ
determined, giving a value of s* at which necking begins. The
values for £* are listed in Table II and an example of such
diagram is shown on Figure 11.

It can be observed that the determined values of the
strain hardening exponent, n, are in all cases comparable in
magnitude with the uniform strain prior to necking, e, = N

Snan after necking started, the tensile csamples failed
along <ehear zoneg within the necrk with Tow total true ctraing
tev failure MNMie to the handed microstructure, in Molyeonrp X RO,
1/4" plate, characteristic central delamination was ohserved
and is discussed in Chapter 5.

Lt has been drifficult to filnd adequale curtrelallon be
Lwewn e slraln to Tallure and viher matoctlal chartaclerlistliae, K

potllculacly comparing Lhe voery Glean, Molycory A 80 o/8" !
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plate and the Ipscc 3/8" steel which has a high sulphur content.

Despite very low suiphur content in Molycorp X—SO, 5/8"

(S.= 0.001%),and rare earth treatment for inclusion modifica-

tion, the failure strains of the order of 0.85-0.89 are con-
siderably lower than the true strains to failure for Ipsco ma-
terial with high sulphur content and almost without inclusion

shape control. In order to find explanation for this behaviour,

the metallographic studies of failure were emplgyed and a more

' détailed_Qescriptioh is given in Qpapter 5.

From the-data presented in Table II, a significant planar
anisotropy is observed, and this-could be due to:
a) the distribution of non-ferritic phases parallel to
the rolling direction, “ |
b) the presence of polarized residual stresses due to
rolling at low temperatures,
c) a crystallog{aphic texture.
Significant reduction in ductility for these fine-grained
materials could arise due to the processing at low temperatures
which leaves a high dis1ncat{on density and hence reduces the
work hardening capacity nf the matrix. More quantitative dia
ruczinn an this prohlem e given in Chaptera 4 and 5 dealing

with formahility and failnre mechaniams, respectively
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_ CHAPTER 4

o

‘THE ASSESSMENT OF FORMABILITY

- . __;_*_*;__F____,ﬂ_pﬂ———J_””—'f

I
Relatlvély llttle is known about the formability of hot

rolled HSLA steels for the simple reason that their applica-
tion in roles requ1ring such knowledge has been rather limited.

[

The higher strengthaof H%LA steels has been utilized
mostly to achleve higher working stresséé of welded flat sec-
tions or simple structural shapes, and little forming was inj
volved. The automotive industry is currently trying to reduce
the weight of basic automotive components without sacrificing
the impact resistance of the vehicle frame. This has placed
emphasis on the HSLA steels with high strength to weight
ratios. The higher strerngth steels permit the design of
impact resistant systems with a lower section modnlus and
heonees, more compact and lighter naaemhly

Formahility ic a krny fartaer which ectablishes the allnw
able part eontonure fer HRIA etrmol components which dictates
the engincer's latitude in designing automotive parts with

guod rigidity

The formlng ol Jdiftovens | w09 sheel melal 1s chatr
weloerlacd gunerally by wwo NS s lutmallon moedew .,
drawlug and aliclohiag Disy o puse diawlng, malevial gotoime



C e

fgw1thout thlnnlng such that the ratlo of prlnclpal stralns 1s

*_vll-l-- On the other 51de of ‘the pure stretchlng formatlon

7-mcd the sheet thlns so that the prlnclpal stralns 1ncrease
chp031t1ve1y the r&tlo 1 1. Between these extreme deformation
.modes there ex1sts plane straln in whlch the mlnor prlnc1pa1
‘straln is =zero. | . Lo |
Formablllty and ductlllty aré qualltatlve materlal char—i
:;acterlstlcs In general duct111ty 1s the ab111ty of a. mater—J
ial to deform plastlcally w1thout fracture and formablllty
.can be deflned -.more pre01se1y as a measure of ‘the maximum de—
formatron of a mater1a1 W1thout the occurrence of crack1ng or
hsurface deterioratioh.' Ductility'can be_expréSsed'es:.

a) the uniform percentage elongation of 2 epecified
gauge 1ength,‘or‘theeetrain at fracture in tensile
test, and

b) the total percentage elongation measured over a
specified gauge length. -

.Fracture strain measured from reduction in area is often
regarded as a more reliable index of ductility, but its dis-
advantages are that it is not'always easy to measure the re-
duction in area and to define and take into account the com-
plex stress state occurring in the necked zone.

In this study, an attempt was made to understand the
relationship existing between the parameters deriyed from
uniaxial tensile tests and performance of the material under

complex stress conditions in order to define the influence of

the microstructural parameters on the formability. This is
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;made more compllcated by the—contlnuatlons of strengthenlng
e

'f. mechanlsms and the anlsotropy of mechan1ca1 propertles. In.

all form1ng methods manufactured parts aze made from sheet
'by stretchlng; draw1ng, or a comb1nat1on of both The proper—

ties requlred for good stretchablllty are not the same as f

'“i-those that 1mpart good drawablllty. rIn general 'stretch formAg

¢

ab111ty (stretchablllty) is dependent on the straln hardenlng

' capacity’ of the mater;gl and drawablllty reflects the anlso-:

' tropy oi'the flow.stress and the,orystallographlc texture.
Cognizance must be taken of the influence of'tne_ductility of
the material and its,ability'to distribntesstrain homogeneously,
There are'severél parameters which can:be'onosen to express'an‘
index of\ductiiity. Some authors(lo) have.related the uniform
strair prior to_necking‘to the behavioun in stretching opera;

tions, and others (11)

have related this parameter to the
press formability. The alternative ductility parameter, true
strain to fracture, has also been used to correlate eith be-
haviour in bending and spinning operations.

In order to determine the characteristics of the HSLA
steels in forming operations under complex stress'states,
there are two approaches available:

1) The Keeler-Goodwin Forming Limit Diagram, and

2) The Stretch-Bend Test

These will be discussed in turn.
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.‘.1) THJ-: KEELER—GOODWIN FORMING LIMIT DIAGRAM (m.n)

. 'dn order to construct the FLD for each mater1a1 data
';Lfromlseveral tests were necessary. These-werea a
hi-t.a) The un1ax1a1 ten81le test -

b) The plane straln ten511e test
'__‘c) The balanced b1ax1a1 tenslle test.

The unlax1a1 ten311e test was descr1bed in the prev10us'

'3chapter : The‘other testsrw1ll now be dlscussed.

.'b) Planetstrain'tensile'tests

Iaeefder to obtain an-appreximate limit strain under
plane strain'conaitibns; two attempts were made, using speci-

mens w1th dlfferent geometrles.'

In the flrst attempt the plane straln specimens were
‘2" x 7" strlps surface ground to 0.12" with two samples
oriented in each the rdlling and the transverse directions
of the tested materials. -

To generate plane strain conditions during tensile test-
ing, the 45° through-thickness V-notch was machined in the
middle of each sample. The design of such samples is shown
in Figure 12, Pot the straip measurements, a c¢ircular grid
pattern of 0.05" diameter was priated on the surface, using
a phototesist teéhnique.

Test pieces were tested in tension, close to fracture
and plane strain limits were computed from deformed grid

circules located close to the actual site of cracking, if

cracking occurred or from the grid circules located in the
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 gr§bvé; if §hefé¥periﬁen£'Ha;\ﬁeéh*gfbppéd”béfofe:cf;ckiné_.
et | . e |
'_.frém-thbse éifain ﬁéa$urémehts sﬁowﬁ in Tabié IV and
Figure 17 for the HSLA steels under plane, strain, the limit
cénditioﬁ w;s-foﬁnd to-bé;rélafi?élyilow, of thélbrder df'
0.1 6r léss;g:' - | | | R

-t

" Analyzing all the parameﬁers employed in this‘teSt,‘it,’

wés'found tﬁét:
| 'iereiatifeij;sﬁarp.notéhes'have.an efféct on the stress
concentrafion-ﬁnd strain diétributioﬁ'through the
width of the Sample, and | _

ii) Becangé of high strain gradients in the deformed
regioﬁ,‘and tﬁe-rélatively large gfid.cixcle used for -
the strain determination, the strain computed in this
way would rather represent some mean valpe of the
overall strain in the deformed region and cannot be
compared with the other limit strains used in this
work for the determination of the FLD. |

In order to eliminate the influence of those effects, another
design for the plane strain tension sample, shown in Figure 13
was chosenglz).

The shoulders of the sample are thick enough to remain
elastic during the tensile test. The ratio w/l1 is large
enough to achieve an approximate plane strain in the centre
region. The ratio 1/t is large enough so that a notch effect

is not created. This solution cons}itutes a design for an

unnotched plane strain tension specimen.
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TABLE IV

PLANE STRAIN TEST -

V-Notched Specimené‘

Unnotched Specimens

‘Plane Strainf  w

Orientation - : 'Elongation.
Relative Range of the - "Representative" Ad, * 100 (%) g = ln -
Material to RD Strain Obtained Strain dg - do
- paral el 0.101 - 0.114 0.11 22.45 - ‘0. 227
perpendicular 0.079 - 0.110 . 0.08 14.03 ”f;?0.131_ .
to RD . . TR - et AN
parallel 0.108 - 0.147 0.12 24,11 0.216
Molycorp o S R, . . S
- " , . . ) o
X-80, 5/8° perpendicular 0.120 - 0,179 0.12 - 20.09, 0.183
to RD R o o
Molycorp pi;?géfl 0.125 - 0.185 0.15 . - -
X-80, 1/4" toul . L
e — perpendicular . - - -
o BD 0126 - 0.147 0.14 _
r/ 4 J
INCO 787 parallel 0.013 - 0.157 0.13 = -
1/2" ‘ ,
- perpendicular 0.098 - 0,178 0,14 - -

to RD
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* TWO test Pieces 1n both transverse and rolling dlrections -"’“'

_‘were machlned from two of the tested materlals.s— Ipsco 3/8" “'“

’_and Molycorp X-80 5/8" A c1rcu1ar grid pattern of 0 022" “

d1ameter was prlnted onto the reduced sectlon of the plane

strain tension,speclmen employing photore51st technlque, andf -
' used for the determlnatlon of the straln in 10ng1tud1na1 and

,transversal dlrections.- The plane strain tension‘tests were

carrled out on TINIUS OLSEN 60 000 Ibs. tensile testing machlne

because the expected load was greater than the capacity of the:

Instron tensile_testlng machine avallable. The crosshead -
speed ﬁas controlied:hy a‘main hydraulic'valve and the plan
was to keep the.crosshead speed {nrthe range 0.617-0.001 ins/
min. The meximum load was recorded and the crosshead was
stopped, in some-cases just before complete fracture occurred,
and ln the other cases, surface'crackiné and complete fracture

occurred simultapneously before extensive development of the

neck.

v

The plane strains were computed from deformed grid circles.

In the cases where complete fracture occurred, the'circles
measured were located close to but not at the actual sites of
cracking. For the-tests which were stopped before complete
fracturel the measured circles were located in the groove.
The‘final dimensions of the deformed circles were measured to
an'accuracy of 0.0001" using a toolmaker}s microscope. Knowing
the original average grid diameters, longitudinal € (strains-
in the length direction of the sample) and transverse €y
strains were computed both as natural and 1ogarithnic strains.



f‘The results of thls experlment are shown in Table v and
‘Flgure 17;' o ‘  _ | _
‘ ¢'_ The overall.results produced/under these condltions for
unnotched speélmen de51gn 11e much above those for V~notch
-type samples.: ThlS arlses because the unnotched-speclmenrhas
a more homogeneous straln dlstrlbutlon through the w1dth

The measured straln of a notched sample represents some
strain between Zero and the’ fracture straln depending on,the'
'.s;ze and p051t10n of the measured gr1d-c1rc1e end the strain
‘gradient. - The resultsjof this“test ere}tsken from the deve1;
'oped‘groove'or from the‘sites close to fracture surface, and
lie in the'region'above the strain at instabiiity and below

the strain to failureQ
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.'c) The halanced blaxlal tension test o |
Earller studles of fazlufe 1ﬁ b1ax1allyrstrefched sheets
showed that the largest tenslle straln before 1oca1 thlnnlng
" may be 1arger than the straln for necklng in 31mple ten51on
aand may even 1ncrease as the degree ofbiax1a11ty1ncreases.
.Ih}s-dlseovery_led to,the.development-of the formlng 11m1t_
: diegrem'in'use‘tOQey'by theesheef metal industry. In,order‘
to deﬁefmine the_behaviour‘of_HSLA sttels ﬁnder‘ﬁiexiai
stfess_étates,.for the proportional etraining'path ff==e%/el)
:close to.unity,\fhe balanced biaxiai teesiqn:test was conducted.
- . For this e#pefimenf,‘two sampies'from each tested material
were preeered.' The samples, 0.13" thick by 10" diameter blanks
were tested oﬁ a 200 ton hydraulic pres;: In_order to induce a
biaxial stretching, a groove 0.032" deep by 1.5" diamefer was
carefully machined in the centre of each sample on both sur-
faces (Figure 14). In this test, schematically shown in
Figure 15, the blank was rigidly clamped around the perimeter
and the central region deformed using a 5" diameter flat
punch. In order to measure strains, *a circular grid pattern
was printed on both surfaces of the groove. 4 light film of
multi-purpose oil, SAE 140 was applied to both sides of a
0.003" thick polfethylene sheet and this sheet was placed
over the contact area between the blank and-the punch to re-
duce friction. The sample was deformed at a crosshead speed
of 0.5 in/min. and an automgraphic plot of punch load versus

punch travel was recorded. An example of such a diagram is

shown in Figure 16 and the data are presented in Table V.
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TABLE V
BALANCED BIAXIAL TENSION
- t- - Punch Depth - Fracture Load
Material (ims.) (1b.f x10°)
Molycorp B 1.33 | ~ 186.0
X-80, -5/8" 1.33 - 180.8 -
Ipsco, 3/8" - 1.14 . 147.2
. 1.12 144 .4
INCO 787,1/2" - 1.43 167.0
Normalized 1.42 170.0
and aged
N
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Strains were measurred on a grid circle close to the fracture

sites and-the‘results*are shown.- in Table'v and on. the Forminé
Limit Diagram in Figure 17. All the'fesults'are:discﬁséed
lafer'in‘this chapter; and metﬁllographic sfudies of failﬁre
are presented in Chapter 5.

In the Ipsco ﬁaterial, failure occurred in the &irection

parallel to the rolling direction, initiated by the'sulphidé

inclusion, As indicated in the Table V, the total strain at

fajilure was small. In the Molycorp X-80, 578" plate, failure
occurred at slightly,higher'strains, and is pfedominantly
shea% and not connected to the direétionality of‘the rlate.
The forming limit in both cases increases slightly as the im-
posed strain ratio, f = 82/61 changes from zero (plane strain)
to&ard unity (balanced biaxial tension). o

Using all the data from uniaxial tension, plane strain
and balanced biaxial tenSilelfests at the lmposed strain
ratios £ = - 1/2, 0 and 1, respectively,'Keeler—Goodwingl3) form-
ing limit curves are constructed for the testedumaterials, as w
shown in Figure 17, It can be seen that the results for uni-
axial tensile tests are lower than the other results. This
could be understood if it is known that these data represent
uniform strain limits, shown as a brokg@‘;iﬁe.on the FLD,

e

Figure 17. These data are in good agr%é@ﬁnt with the work-
hardening exponents, n, computed earlier.. The data from
plane strain, tensile, unnotched type of samples, and balanced

biaxial tensile tests are represented in the FLD as full lines,

and are at a higher level, representing maximum forming

.
P
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;]potential under these stress conditions.;g_; "]
The major strain, 81, is the strain parallel to the 5'”?;e'--
'rolling direction and the minor strain e2, is the transverse :

strain.. Using .the data presented in Figure 17 we can see the :

L greatest difference in forming limits between the roléing and

transverse directions ior the Ipsco 3/8" plate aéicular-

"?ferrite steel with a considerable fraction of élongated sul—.

phide inclusions in the rolling direction. On‘ the other hand

lL

,the directionality of the forming properties are not pronounced

in the polygonal ferrite,Molycorp X-80, 5/8" plate. ~

- 411 the forming‘iimit curves for the tested HSLA steels

': show, in general low forming potentials predicting diffi—

culties in the- forming of more complex components.

2) THE STRETCH-BEND TEST

Directionality of properties and poor transverse forma-
bility are frustrating'characteristics of'controlled rolled
HSLA steels with the elongated manganese sulpnide inclusions.
The stretch-bend test was developed for the evaluation of
the iormability of lighter gauge HSLA steels and for monitor-
ing the effect of inclusion control techniques on the trans-
versefductilityclg). In this test, schematically shown in
Rigure 18,\a strip is rigidly clamped at each end and bent
by transverse-loading at the centre; using a radiussed punch,
At the start, the tensile stress is applied on an outer sur-

face and the inner surface is subjected to tne compressive

stress, while in between, there exists a neutral surface of
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 MATERIAL
THICKNESS -

\

SPECIMEN
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"
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'unstrained fibres. As the test progresses,_the outer surface'
‘remains in tension The inner surface compressive strain con—_
"tinuously_decreases,r Eventually, it becomes a tensile strain,

"iwhen-the neutral surface coincides with the 1nner specimen

: surface‘ Beyond this point both major surface strain are

"tensile and increase raplidy, approaching each other. . Ind

order to measure strains, a circular grid pattern was printed
on both surfaces of the sample,-using the_photoresist technique.
The ends of thersampie were rigidly clamped. A lightffilmrof o

fmultilpurpose E.P. gear 0il, SAE 140 was applied on both sides.

of a 0. 003" thick polyethylene sheet and this sheet was placed‘

on the test piece over the area of contact with the punch

The sample was deformed by the punch moving at a- speed of _

0. S-in/min An autographic plot of punch load versus punch an

travel was obtained and an example of such a diagram is shown

in Figure 19. | - S -

Using larger radius punches, a gradual shattering and
 slight' decrease were observed on the punch load - punch travel
plot just before fracture and sudden 1oad_drop. r

‘Using the smaller punches, the sharp load drop immedi-
© ately follows«the maximum-ioad, as indicated in Figure 19.

It was observed thaff consistently after the load drop,
audible cracking occurred on the outer surface and in the
middle of the bent portion of the sample as shown in Figure

Strains were measured on grid circles close to the
fracture sites. 1In this test three radiussed punches 3/16",

3/8" and 3/4" were employed. The results of this experiment
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:g-are presented in Table VI and Figure 20.1‘
| As seen from the:results, the stretch bend test gives.a :

'good correlation w1th the forming characteristics and the
_ductility obServed in:the otherrexperiments._ It has been ar
- very sensitive method_of evaluating the transverse formability
;and_the effectiveness of sulphide shape control - The.strain-

fing process isﬁconcentrated on the intersection of‘the trans—

-;verse and longitudinal axis of symmetry and failure originates
bere on the outer surface, spreading through the sample along
- a 1ocii of velocity discontinuities o _ '
| Metallographic studies of the failure under streth—bend
~conditions are discussed in the next chapter - '
Thus, in general; the forming potential oifthese complex:
' uateriais is_influenced not only by non-metallic inclusions,
but also by the presence of hard, rigid, non;deiormable phases
such as M/A constituents in the Moiycorp X-80, 5/8"

Also, in the materials such-as Ipsco 3/8" at a low fin-
ishing temperature, the worhmhardening capacity of the matrix
is reduced due to high dislocation density in as-received con-
dition_and the material behaves as if/already prestrained./
Thus, the low-temperature rolling,.ravorable for production
of fine grain and high yield strength materials, reduces the
forming potential by reduction of work—hardening capacity of’

the matrix.
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TABLE VI

s

STRETCH-BEND TEST

_ : , AR . o Strain’ -

Orientation -\ ~ L., S - - .~ - Hardening -

Relative Punch Radius R = 3/16"  Punch Radius R ="3/8" - Punch Radius R = 3/4". . "Index . -
to RD Ratio R/T = 0.908 - Ratio R/T = 1,812 RatioR/T=3.624 - n_ -~

‘Material

to RD

paraliel 0.94" SN 2 C s . oass
Ipsco 3/8" | B TR T

to RD

pa‘toalﬂgal 0.98

—5% tgdiﬂgular _ N/A : . N/A o N/A'-‘ R 70._]-.‘:4‘5-5

L0 . 18 0185 .o

parallel o ' IS .._-
to KD . 0.99 N S 117 | S 1.39 R 0..13‘5 o
 X-80, 5/8' perpendicular 0.96 . C 1T 5 s .. o4

PR 1.08 o e 1480 . 0260
ElLL“ PR - Lo5 - ‘125 . . 145 . . 016

N/A - Not Available

N
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CHAPTER 5
HETALLOGRAPHIC STUDIES OF FAILURE

As stated earlier in the meta110graphic section, the
HSLA steels used in the present work exhibit a wide~range of

microstructural features such as.

f

-inclusions o ) S

grain size epd'shape

ferrite’mOrphology
5 oaroide_distribution »

presence of M/A constituents.

In this chaptex, an effort is made to relate the pfocesslof
failure in various stress states to detailed microstructural
festures. In order to clarify this, the discussion is
dieaded into sections dealing with:

1) Failure, mechanisms in uniaxial tensile tests

2) Failure mechanisms in biaxial tension

3) Failure mechanisms in stretch-bend tests.

The charactefization of failure modes of HSLA steels

under different stress states and their'relationship to micro-

structural features become very important in terms of component

design and material selection. In such complex HSLA systems,

as deformation progresses and the distribution of strain

'495” '
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becomes crltlcal failure c_éh?eﬁsué in the region'o_f localized
plastlc straln | ' | | o .
o " AS a result of m1crostructura1 features of the tested _
HSLA_steels p0331b1e fallure mechanlsms could involve..
| a) local brittle fallure of non—metallic inclusions or
hard, .rigld phases-
. bj v01d formation at the interface between hard phases
and the matrix,' | |
c) W01d formation in 1ntensive1y deformed shear bands
a) vord growth and Joining,. ' '.. _- . .\
e) delam;natlon along.wesk planes, nnd |
) failure hyAlooalized shear'l
In some cases a number of failure modes may be involved in
the final‘lallure mechanism, but often, as a result of com-
'petition between them, some of the failure modes are very.
pronounced. FA more detailed description of the failure

mechanisms and. thelir relation to the microstructural features

is given in this chapter.

1) FAILURE MECHANISMS IN UNIAXIAL TENSILE TESTS

Introduction

fThe failure of most ductile polycrystalline materials
begins by void nucleation, growth and linkage in the neck
region, and is completed by very rapid shear fracture along

planes<xfmaxi@um shear stress. This type of failure leaves

the characteristic cup-and-cone fracture appearance. In this

case, the high ene process is void



"growth and linkage Wthh are spread over - 2 large volume of o
mater1a1 : When the crltlcal conditlons for 1ocallzed shear
‘are reached relaxation or unloading of the system occurs by
. the - formation of 1ocalized shear bands Wthh have a very high
..propogation rate through the material The overall ductillty )
or strain to failure. is 2 function of the failure modes in— )
'volved in final stages of deformation.. The critical conditions
for each failure mode depend strongly on the stress—strain re-
lationship of the system particularly on the local work—
hardening rate and the strain rate sensitlvity. In systems.
with a negative strain rate sensitivity and and an inhomogen-
eous strain distribution, the sites with a higher strain rate
'(due to reduction in local work—hardening capacity) could
become origins for the formatioh of,localized shear bands at
low overall strain.

In the competition between continuing plasticity and
voiding at the particle-matrix interface, Argon et al(l?)
indicate that the process of void initiation can be quanti-
tatively described in terms of critical stresses at the
matrix-particle interface. Very often, for the material with
a low volume fraction of particles homogeneously distrihuted,
the strain to cause volding is of the order of one-half of
the true strain to failure. But, for closely spaced inclu-
sions, local plastic fields interact and reduce the critical
strain for void nucleation. Hence, the critical conditions
for void nucleation depend not only on the volume fraction,

but also on the distributioh and local spacing of the particles.




sz

- An elementary treatment of. the influence of microstruch”
tural parameters on the process of void growth is shown in ~
tthe‘geometrical model, Flgure 21, proposed-byrBrown'and_' _
“Embury (! ‘_5) " In this model, they indicated that the growth ¢
strain, Eg ehould be'related to the ihvérse sguare.of the
volume fraction of inclusione and second phase particles, and
is reletiveiy insensitive to the inclusion eize, However,
size, shape and particularly distribution of the'inclusiohs;
as mentioned eerlier seem to have an 1mportant effect on the
local work- hardenlng rate and strain distrlbution during void
growth, and on the strain localization during the void linkage
process. | . . / T

In general, in HSLA steels the delaminationefailure mode
is often found, particularly in the steels with & high content
of non-metallic inclusions, or with a banded structure. Most
often, delamination fracture occurred along planes of weakness
parallel to the rolling plane. Some authors(l7) have sug-
gested that a strong (100) texture component in the rolling
plane could be responsible for delamination by cleevage frac-
ture, at low temperatures.

Delamination is frequently observed to be accompanied by
inclusions, segregation and non-ferritic products distributed
along certain planes during solidification, transformation or
mechanical working. In high sulphur steel, delamination
occurs along stringers of MnS8, as observed in Ipsco 3/8",
while in a very clean steel, deleﬁination failure occurs along

the ferrite grain boundaries. Herg et a1(7) explained this
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by the preSeoce of greiu'boundary cementite. "'They suggested‘
I

that the failure mechanlém involved nucleatlon and growth of
&t

'v01ds at the grain boundary carbides, and thelr linking under
the action of the t \hsverse stresses developed in the neck.

Results of this Study

-

In this work an effort was made to characterize the
_failure modes for the tested.materials, and were it was’ pos—
sible,.to relate this to the microstructural featuree.

Careful optical 'metallogi'aphy and Scanning Electron
Micfosggpy‘(in text SEM) were employed, and, in order to pre-
serve fracture edges, in some cases the fracture sur;;ces
were ﬂIbkel~p1eted prior to mounting and polishiug.

In the Ipsco 3/8" tensile semple, Figure 22,the usual
oup—and-cone fracture appearance is found.

In this material with a relatively high inclusion content
(with high volume fraction of elongated sulphide inclusion)
extreme void nucleation, void growth and splitting wccurs
prior to complete failure by‘shear, as shown in Figure 22,

It was found that.all the volding and splitting origina{es
at non-metallic inclusions, such as MnS, and at the complex
islands composed of the mixture of retained austenite and
martensite.

However, for the wther HSLA.steels, where desulphuriza-
tion practice and sulphide shape control were applied to re-
duce the influence of the sulphides to a minimum, the expected

gain in‘ductility was not observed. In these cases, some

other microstructural features have 2 marked influence on the
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'f fracture properties.. Some authors

(18 19) have emphasized f
f?\the importance of the melting practice in the control of

"ﬂ‘volume traction, distribution and nature or oxide particles._ i

R w.In addition to oxides, an importantiteature in low sulphur,:”"gf

'_low carbon HSLA steels appears to be the presence q; large
Vamounts oi martens_itic and retained austenitic (M/A) aggregates(zo)
'Careful metallographic studies or deformed samples show that
”these M/A constituents, distributed a8 islands actas void
.'nucleation sites in ductile iailure Figure 23. These non-_'
<ritic—phases act as rigid inclusions reducing the ductility |
eand producing local internal stresses which have an iniluence R
' on the homogeneity oi’ the flow processes. ; B ' ‘ |

The critical conditions for shear ‘band Iormation and

-
-

propogation are reached at low plastic strains.} This leads ‘.?
. to the catastropic»iracture by shear.: This is not expected

in these typeslof.HSLA-eteels sinoe.they.are very clean,

'hauing very low non—metallic inclusions' Tensile samples
which failed by thisg’ mechanism exhibit a very small cup )
region (if at all) and show very large shear lips.

During the'failure process by shear, there are oEtEh
secondary shear bands.associated‘with the fracture, 'These
bands do not totally penetrate the sample and are usually
representative of the main fraoture'mode. An example of such
& shear band 1is shown in Figure 24. In this case, in the
shear band, produced between two large voids, and parallel to

‘the majoxr fracture surface,.the shear strain, v, is of the

order of 1. Relatively little theoretical work has been done
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.ilto analyze the competition between void growth and 1ocalized

'_shear as a function of microstructure and stress states.;'A

-_f better understanding of these complex processes would give the

' ‘ﬁ'answer to- many questions conce ning the ductility of the high R

'strength materials su steels tested in this work

As evidence that ‘h‘i‘ailure process by shear 1s very- Ar'

‘,dcommon 1n almost all types of HSLA sttels, under different
7stress conditionl, a number of micrographs and fractographs_;
-_will be discussed ' . | : ‘

As mentioned earlier, only the fracture surface for the

qusco material could be classified as cup-and—cone type, r"_
accompanied by delamination along MnS inclusions. ‘ '_

For Molycorp x—so 1/4" plate in the neck region after
-delamination along the pearlite bands, fracture occurred
mostly by shear of separate fragments, such as one shown in
Figure 25, |

. For Molycorp x—so 5/8" plate and INCO 787 1/2“ plate,
the failure mechanisms can be discussed together., Optical
microsraphs of the cross-section along the tensile sample\and
across the fracture surface, and SEM fractographs are shown
in Figure 26 and Figure 24. . '

As discussed earlier, after void nucleation at nard
particles and their growth, the tensile sample fails by cata-
strophic shear along the planes of maximum shear.stress. This
produces a characteristic fracture appearance - the rather

uniformly ordered array of elongated dimples oriented parallel

to a single direction ms & result of the deformation in the
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" Fig. 25 -

~ MOLYCORP x-80, 1M~







"»}shear'hand The micrograph of the tensile Molycrop X-BO 5/8" :
w:,'Sample inﬁFiEure 24 shows that well within the neck the

. shear band segments are short and in 8 zig-zag attern. to

javoid moving very far froq_the most highly stresses region of

- fthe material For the INCO 787 tensile sample with better

strain distribution in the diffuse neck~ the hand segments are
'longer The SEM fractograph in’ Figure 27 shows the inter— -

section of two shear bands."

‘)2) FAILURE MECHANISMS IN BIAXIAL TENSION

- In order to determine theinfluence of the stress states

' - on the iracture appearance in HSLA steels. the samples used

for the determination of the Forming Limit Diagram were care-

-fully examined in the SEM The iracture appearance of some'
'biaxial stretched samples is shown in Figure 28 .

Due to maJor microstructural difterences, the attention
_is confined to the Ipsco 3/8" and Molycorp x-aq{‘S/S", which
are taken to be representative of the various types of the
materials used. L o :3 / .“&

Due to the lower forming potential in the transverse
direction, aften\in—plane splitting along elongated inclu-
sions, the Ipsco sample fails along the'rolling.direction.‘
The SEM fractdgrapﬁlgiearly shows extensive splitting along
Mn8 inclusions. ®

In Molycorp X—BO, 5/8" balanced biaxially stretched
sampie. voiding occurred at hard phashs, followed by shear

failure, propogating usually from the central region in three
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1directions as indiceted 4n- Figure '28 Aéain in this'testn

l cetestrophic eheer failure occurred at relatively 1ow strain
‘The dimples are emall indicating thet very little void growth
'fook place before ehear occurred

- 3) FAILURE MECHANISMS IN STRETCH-BEND TEST o

At the'more complex stress etate in the etretch-hend
test with - etrain gradient through the" thicknese the vold
nucleation occurs ‘at the interface between_the hard_tranerorm-“
etion products end.the‘ferrite._ Due to the'highest tensile |
etrain fracture initietee at the centre of the outer surface
as shown in Figure‘29;. Similarly to the feilure mechaniems
discussed earlier, ieiands,‘cqnsieting of merteneite-retained
eustenite become highly damaged at relatively small strain
due to the accumulation of the strain at the boundaries.

These damaged regione.fuli'of small microcrecke and voids,
‘later link by localized shear along the locii of planes of
the maximum shear stress. Linkage occurs at relatively small
overall oreek-opening displacements (or etrains)(

An example of void.nucleation in regions of mixtures of
the hard transformation products and the path of cracks formed
by shear between these regions, is shown in Figure.so - an
SEM micrograph of Molycorp X-80, 5/8" stretch-bend sample.

In Ipaco-3/8" material, in stretch-bend tests, an impor-
tant role is played by the orientation of the large and elon-
gated inclusions. In the case where;the inclusgions are \\

oriented in the tensile direction of the test, splitting along

-
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-the inclusions first takes place, due to the development of

the triaxial strese-etate. At higher ‘strains void nucleation

-at the hard phases is followed by linkage of the most damaged

.regions In thie caee, the already present delamination could'

stop propagating shear band or change its orientation from
one plane to another, as ehown in Figure 31.

After careful-examination of the_failure mechanisms in
the stretch-bend teet,.ituWas found that during deformation
o . at fhe bonndariee'between fhe'hard fegione.preeent_in'HSLA'
‘ peteele and the relatively-eoftufefrdte'matrix,-damage accumu-~
lates, producing large veide and craéke which at critical
conditione, link by localized shear.” As the emall cracke
open, theee hard regions, if damage: enough, could split
apart or could be seen as a solid island in the middle of
the crack, as shown in Figure 31 and Figure 32.

general, the failure proceee lh HSLﬁ steels can be
considered as consisting of the following steps:
1) Local, brittle fractu;e of non-metallic inclusions
or hard-rigid phases, such as M/A microconstituents
or carbildes, *
2) Void nucleation on hard partiolee.
3) Void growth and joining at higher strains,
4) Delamination along certain planes.
6) Failure by localized shear, when the critical condi-
tions for shear-band formation are eatiefied.
The number of cracks nucleated by the brittle fracture
of hard particles is directly proportlonalfto the volume

/ b=
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' ﬁ}f”ftraction ot auoh phasea. ﬁ#ﬁﬁﬁi§a 6ffpﬁ§s§"ﬁ#§d P@rfi§1§§¥ ;ﬂf‘i“

,_a.re- o

”i}; a) non-metallio 1noluaions. 1]_'f7 LT
b) earbides. and }f’:a]“ﬂﬁ*ﬁil.f_’fﬂ'   'Q_:?;;%i;gff :

°) °°mP10x M7A Gon&tituentg. B T

"~;fThe non—metnllio 1nc1usiona._tor axample Mns attect the

- ﬁVIpaco ateel._ The earbidea. eapeoillly at nruin boundariea._,} 3-:"

"";jartect all tho steals.‘ In materiala such aa nolyoorp x-ao

: where duulphurintion a.nd aulphide ahape control reduce the e

e!tact of sulphidéh tho oomplex u/A constituentu are the

‘*lﬁﬁfimportnnt hard partiolos.f_fisJi---

In a duotile rracture; tho nuclention and growth ot
ﬂ“voida. deaoribed olrlier.'in terma of a simple geomatrioal

'fmodel atrongly dopend on volume !raction/6t hnrd partiolen.. :“

:.‘Thu equation expresuing the rolationship between the arowth

‘atrain to !raoture and the volume trlotion ot hard pnrtieleu
('g)i il- 1 < -. L ‘.' B
"showa thut inoreusina the amount ot inolunionl will oau-e l/

[PIEE

. reduetion in tho truo strain to traoture.

As 1ndiented 1n the literuturc(le) R the ltrtin to tail-_1i;-3‘

ure, :;. undex a detined utroua ltato lhould bo reiatad quan-f‘

'  titutively in lome :orm to the volume trlotion ot 1no1uuionl e

- r~preaont in the matorial. An uttompt was made to rclate the

‘“'Lvolumo truotion o! the non-metalliu inolulionl to ‘t tor the i;

".tented HSLA ateela. It uhowed elourly thut the mntoriul with'f _

_"the lowur volumu trantion ot non-m&tallio 1noluniona :ave thn-l



1n diaoussing the railure process in HSLA ateals the preaenceft;’f

ot the hwrd M/A conatituents has to be considered in tdditionif-~‘3"

to the othar 1nc1uaions.¢‘: o , i
: Aa diacuaaed earlier, dalamination. a oommonly tdund

Jpﬁisilura mode in HSLA ateela ocoura at a rolntivuly atrly

BRI stage ot the derormation.u In Ipaoo 3]8“ mnterial with LY hichgf

‘::‘aenoelot uns atringers and carbidaa along the grain bounda—: {{':J_
: f;riea.: on’ the other hand 4n Molyoorp x—ao, 1/4" thick’ plate.:ﬁ:.'
” _ with a low aulphur eontent and rare earth additiona. delamin-5  _
' ~f:at1onn ara tound to be 1ntarsranu1ar tear fraoturea. parallel‘a;llf-
‘F;ito L} rollinc plane. Aooordins to Herﬂ ot 11(7)_. this 13 duefﬂy" o
: "to the prooipit:tioﬁ ot cementite on tho territe srain houn-f,f j:;
.rﬁijff'dariea, whefb bandinc oonniuting of poarlite nnd onrbideu f T"' -.7
';-;'wu obaerved Molyoorp x-so 5/3" plate d:l.d not display do-z-‘_»'_
"“filamination., Thiu oould be explained in termn or microutruc-f” ;
 tural ditterenoeu.; Au diuousled. thia material contnina com-"[i~"
"; p1ox M/A oonltituenta rlthor than poarlito and oomeptite. A L
_ Au n senoral and ulually tinal tnilure-mode in tho teatod
- T‘HSLA steeln.ilhour seeml to havo the mont 1mporttnt role..‘ B
‘Thil modo ot loollizntion or plustio ltrain and trlcturo 1ni-_;.f;-\
' 7j"tiution hll baon pnrtly involtictted but lttll tho ‘oritioal -
‘J oond1tionn tor lhenr baud (:honr crlok) nuolcntion und propo-f*~;::-

u"‘gution aro not well undoratood. From tho ranultl disoullod

- AL
"enrlior 1n thil work 1t WII oblervod thlt :n oontrol-rolltd
f'HSLA lteela with a low 1noluuion oontont lnd rnre eurth trclt-

: ment, dow -trainn to rnilure werc tound to be duo to thc rela---’7

>5au1phur oontent dolaminution railure lrisea due to ‘the pre—if
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f'} tive1y early activation or the ahear ttilure mode.5 In . this

"'”flcaae._the critioal conditions !or the rormation and <:m.vl:a.a1.:r¢::phi<:5--I:":'j

-_propagation or unatable ahear bunds are reaohed at an oarly
Jstage or the de!ormation. Aa explnined aarlier. the complex

 ‘M/A regions with reaidual streaaea in their vicinity. bohave

.‘f'aa large.‘hard 1nclueiona 1n the uort matrix.- During detormt--

'ﬂ  :t1on thaae regiona become hichly damated (Figura 30)

, ?‘cracka and voids nucleated 1n those reciona oontinue to grow"fi;

j  Due to. the relatively 1arse volume/;r damaged material the -

| - work-harden1ng oapacity ot the matrix is reduced.- Thiu leada

:lto the tormation ot unatable bands 1n the planea or reduoed
liwork-hardening oapacity lnd hish shear streaa.‘ As ahown in ".
7'Fisura 80 and Figure 33 0 the ahear bunds are’ rormed alona
f:,'the looii ot velooity discontinuitiea and betwaen auoh highly
.idamaged resions or voida. The volooity ot the sholr band |
11noreaaea aa the lenath 1noreuaea._ Due to the highly local-;. _
' ided deformation within the band, new vo:lda are formed prior f
“ito oomplete aepuration. Thuo. the prqsonoe ot hnrd. oomplex
- u/A rogione seems ta have & mador etteet on the ltrlin 10011- '
'.1aation and dovelopmant o! unatable lhear railure at un early  '? '

J-fatuse 1n the derormation hiatory. ‘71“
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l‘yield etrensth ot ‘the eterting materiele ﬁ%ior to—!o:min‘ o
Thie 1e=otten due to dirtloultiee in monitoring ohenuee in’

| _cnap'mne._
mavnnsx s'rm\mme AND m: awscumexn EFFECT

It wae reported riret by Buuaohinger 1n 1882 that ell

s metale and alloys. atter pleetie derormation have a higher

yield atrese in the direetion of the initial detormation

B fimportence 1n prnctice. perticulerly 1n oasee where deeisns
' ere bueed on the yield strength end mnteriale are eubdected

eto reverae de:ormetion.'

Although thie phenomenon hee been recognized for a 1onz

";”time. QomplratiV01? little work has been done to de!ine the  '

‘ ‘fot the Bnueohinser Etteot (BE) 1n 1nduatrielly 1mportent

materiala.

: Preeently, moet 1nduetriu1 designé*&re baeed on the "

‘the yield etrength ot the componente durinc terming. However.

:H;the preeenoe ot the BE partioulnrly 1n mioroetrueturally oom- .

plex meteriele. relulte in merked ehengee of the yield etrength

P
otsthe meterieIe 1n enoh pert ot the production eequenee. Conf

;leQuently. eomplete eheracterization or the B;\and'en underén.ff:

fl,

*:than in the roveree direotion(al) Thie phenomena 1e ot great 3f4e

4“.

' ;intluence ot peeio mioroetruetural Eeuturee on the magnitude _"'
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T

jstandinc of the microetructural reaturee in!lueneing 1te mag-

"“nitude become very importnnt and valuable tnctore in practice.,, , '

"This has great 1mportance in the tabriontion ot hish etrength

rb.;;materiale eueh as 1n pipe-torming. where any reduotion 1n a ‘1"7”'“

”i;‘Bauschinger loea (the dirterence 1n the rlow etreee in rorward';

'Tx*nnd re eree direetione o! etraininc) would lead to more etti-jﬂ.'?'f

cient deaigne, better tnbrieating proeedurea or ehanzes 1n
’ *metbode or mnterinl epecirieation.-::”’“ '_A _ ‘ e -
rb .;t It ie the objective ot ‘the present work to inveeticnte o
f;eome tnotore tbat-maw 1n£1uenee the mnsnitude or the BE 1n
'HSLA eteele. The inveetigntion bne eoneidered the tollowinc
probleme. ' ' ' | __',,. | '
o n) The etudy of the dependenoe ot the BE on the extent f
- fot the torward plaatie ntrnin.f‘ﬁ;“' , ,
'ib) The etudy ot the BE nn a tunction ot the direetion
o of etrninins with reepect to the rollins direotion.
'1.e. its relation to the plannr anieotropy o! the Eo
.T_emnteriale.;' ' _' ' o o . T
";;é)lThe etudy of the BE as & tnnetion of the initial
-‘eenee ot de!ormation (1n1t1n1 etrnining 1n tenaion
followed by compreeeion or. eompreeeion !ollowed by
tension). R o o
Quantitative meneuremente o: the BE nnd 1te dependence
.fon the verinblee outlined ebove have been done on two typee

“”fof HSLA .t.glg, uéiyeorp x-eo. B/B" and Ipeeo 8/8“ in both

r,fjal-reeeived nnd nnnenled eonditione.

ror elnrity or prenentntion. the dieeueaion ie divided




intc secticne dealing with.

1) Theoreticel aepects df the BE ,
:e2) Factore intluenoing the BE.,- ‘Tifffi"
3) Methode cf meaauring the BE -
4) Expeiimentel detaile. | |

" 5)-Bxperimenta1‘reeulte.:

- ,'1) THEORETICAL ASPECTS OF THE- BAUSCHINGER EFFECT

If the direction ot etraining during plaetic detcrmation

ot metala end allcye ie revereed. eome part of the wcrk- {'

’l'in the reverae etrnining. due to the preeence ot the BE.

| Generally, the BE ie explnined in terme cr the acticn or

_=loca1 phnee tranetcrmntion. These back stresses oppose
rturther detormution in the rorward directicn but: aid it in

' ‘the reveree direction.

In )} plnetically derormed matrix containinc etrong,

,ricid purticlee, the particles act as a berrier to dieloon-
e’dtione during detormation_end dislccdticn loops are built up
.;ground'tdepdrticleeIWhich'eutterpupely“eleetic”ettdiﬁ;fi
ziThe”eldetic etfeee thue:produced ie 'ci cOUree. in e eeneep

_Hto help the plaetic detormntion in a reveree direction.

Brown nnd stcbbe(aa) have produced a modcl tc relnte

;thc mnsnitude or thc BE tc the ecale ct tho microetructural

B rcuturee euch g volumc traction nnd eize ct eccnd phdee

S hardenins, developed in the rirat mode of etraining ie loet

‘,felnetic beck etreeeee, developed in the materiel during in-

’QVhomcgeneoue plestic derormution in one direoticn. or duringi

-tk

B




.1_:pnrtiolee and the mngnitude ot the preetrain. ror two phase P

""matariele, with no reeidual etreeeee prior to the initial

'-; etra1ning. They 1ntroduced an image etrees which 18 produoed :af"

Lo fby mie!ite due to dif!erenpee 1n the degree or derormation in

fthe mntrix and 'in the particlee w1th the aeeumption that
:"the rlow etreee ooneiste or three addit;ye oomponente' an’
'Orowan etreee (oo), a. roreat hardenlng etreaa (°Ior) and a

k)' they prediot a rlow etreee in the rorm" .

-dback etreee <°bao

0 =0+ /3 uuvg (—P-)* + uvf (3%1:1‘3;)* (—E)i oy
Ewhere a is a oonetnnt ot the order 0 2- O 3 _ .
| Thie model providee the moet quantitntive trentment tor

7f the problom ot work-hardening in materiale with hard epherical\,,_

-“% partiolee-in a eo:t mntrix.- They do . not ooneider the effect .

- of particle ehnpe in their onloulatione. However the materu‘l
‘1&1 often oontaine oomplex-shaped particles and reeidual ' |
etreeeee which aleo atteot the tlow process. Thie 1e partie—
';ularly important at emall plaetio strains.. _'

Following the model or Brown and Stobbs, - Ibrahim and
"nmbury(aa) developed an approximnte model whioh treats the'
mncnitude of the !orward and reveree flow etreeeee. As mea~= |
euremente of the BE must’ refleot the magnitude ot the baok k
etreeeoe they attemptod to detine "n parumeter" whioh in-
volves the back etreee.. or both einule- nnd two-phuee mater-
1ale. they npproximate the torward 2low etreea Op as the
.'e.linenr eug,of- o | | | .l o

. Ip )Fo * c':‘.or * cB " R s @
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'__whera.:  L . | -

uo 1a an initial yield atreas (a triction streaa 1n
 '31q;1e-phaae or an Orowan streaa in two-phaae matariala),f'

' cfor is. oontribution ot the roreat hardoninc, and |

7 Og is # hack streaa due to elaatic atreaaes nupported by
y 'the obatacles which tend to aid reverae plaatic rlow._‘ i

Aasuming that ao a.nd o, are aynuneﬁrica.l 1n thair action p,

Ior

with reepeot to both rorward and reverae detormation. only °g :

“is polarized and will act to help. revorse flow) 80 that the

reverso yiold atresa °R can be expresaed as'

s

'°R 'TQO + °£or % LL‘ R ‘(§? ‘]'

1From Eqs. (2) and. (3) we. héve{ -

HDividing both siﬁea dt‘Ed.'(4) by the total #ﬁbuntrof‘ﬁdrk;

‘hardening, wé'get;”

gp-op 40 o e
s 0 e F 0 ) o : P ‘
l .

“This exprelaion (6) 15 then called the Bauachinger Effect
Paramoter (BEP), which Ibrahim and Embury(aa) defined as "the _

-reversible £raction of work-hardeninc" i.e. twice the trac-

tion of total work-hardening due to the bnok atreus. Honce,

- tho BEP ia not a direet indication of the local vulue of op

' {in the’ vioinity-of some plastic 1nhomoseneity such as second

'phauo particlea. and ;;—only a meaauro of the rraction ot
iF

-“the totnl work-hardening due to elaatio bnek ltrens. _ o

Following.work by Brown and’ Stobbu<3?). °tor gnd oB

foould be expreaaed na'

T,



°B (c::E )+ uuVr (-;;2)?:“;\\?.- (7)
ma '
| E%F'% + ¢ | . (8)
;:g; -_és?g‘j.-7'“_i ?'i?. ‘ ;4', li . n..p§:%: ‘ an;
..FrAm the;e.aquation;, the BEP ;hould be 1ndepend§nt or.;Vs;;;- ,
-'che extent of tho !orward -train. hut i8s dopendent on the : ﬁ"-fﬁ\.

7choice ot OR and °0 parametera.l The ratio hetweon the olaatic‘
'baok strosa and the roreat hardening term is proportional to :

1 the aquara ‘root of tha volume traotion of hard pnrtioloa.

- Theso relationahipa have heen 1nvostigated by Ibrnhim(24)

for a range of ateels und his reaulta are nhown 1n Ficures 85

- and 36. : 'gu"- e S . '
-~ In this uimplo model the BEP in very aansitive to the

valie ot ag uaed.. Thia is partioulurly 1mportant/£or matariall Lo

\which show & Btruua-Ditterontial effect (B-D) Thia ltroll ‘is  \'

the ocourrence qt_ditferqnt initial yleld strnuael-in tension |

and pomprenaion.' Au‘repoffed<$§), pouaible uourcel of tho 8<D !

' I*eroct could be the presence ot rolidual utrellos oauaed by,

a) the uxpan;ion that aocompaniel the :ustenito to murten-

site tranlrormation. : .7': 75 S LT

b) thermal cradientu durins coolinc,A,

a) detormation Rt low temporaturol.'y” . ".- SR

Bnued on the data rcportod 1n the literature<aa). the -D ct!eot :f;,

L~ . ",I
'
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seems-to be greateat !or a microstructure eonuintiné o! weak
rerrito and ltronc martenaite.f Thiu 1- a very 1mpprtant !nctor
for the qpcurate determin&tion of tho BEP in HSLA lteels which  ‘

are uaually compoued o! a mixture o! aott und hnrd phauelr
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,'édntaining apherical particles Brown and ‘Btobbs

o ""z)[ FACTORB mrwnncma THE Bwscnmazn EFFECT

(22, 24 25 26) Tiave

Beveral workorq found that the magni-'

e ;tude of the back atresl, and honce tho BE increaaes with 1n-fﬂ
‘.;. croasing volume fraotion or rigid particlos.l From tho data “f(
_shown in Figure 37 it can be seen that the maznitude ot tho   :
"back stress is directly proportional to the volume traction';' )
 '53.01 aecond phaao particlea, for a given size, shape and prior
- ”'atrain. From the data preaented 1n/Figure a5 and Figure 36

T for the Bteels investigated ‘some observationu can be mada

A linear relationship betwoen Eiﬁ and -? 1n the #orm of

i Cy
AE%F - 02 + —; can be seen ror 2 range of steels. For ateels

(22)° predicted
values for Cl ‘and 02 to be 0, 6z and 0.5, respectiVely, while ‘

Ibrahim(z;)

defined Cl = 0, 35 and Co = 0.4 tor carbon steels
'containing nonqpherical particles of rqughly th.same lamellar
shape.> The results show that materials éontaining plate-like
particles exhibit very hiéh back stress; for example, the |
cementite lamellar in pearlite sfeels. An influence of the
shape of hard particles’on the magnitude d; the BEP wasg inves-
tigated in this work for a eutectoid steel (1085) and the re-.
sults are shown ip Figure 38,

Jamieson and Hood(27)

showed that changes in the grain
slize do not significantly intluence'the magnitude of the BE

in HSLA steels, as shown in Figure 39.
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3) MLTHODS OF MEASURING THE BAUSCHINGER EFFECT -

mothods

  ;b5

- d)

A numbor ‘of nu;hors

R )

'; _between yiald atroaaea in forward and rovorao deform-‘

'The\nnuachingor Effect Factor -in the form

(28 29, 30 23) havo proposod :
R | B
“for duscribing tho BE » such aa"' '

5The Baugchingor Streas.-ropresenting the d;tferenco

s

" ation’ (Polakowski(zs))

¢

_Tho Bauachinger Strain -defined ag the. nmount ot

strain roquired to raise the streas levol in»the-

_ reverae diroction to that of the forward diroction

'(Figurc 40) (Buckley and Entwiatleczg)) "'_i' B ;ffr

TF_ TR_
TF !

iwhero p is the flow stress after a certnin amount of

Ve

,prastrnin, and TR ia the yiold stross in the reverae ;

direction (proposed‘by Janiche ot al(SO))

The Bauschinger Effoct Parameter:-defined as "the >
roversible fraction of work-hardening” (proposed by
Ibrahim and Emb;ryczs)). This parameter will be used
throughout my investigation to account for the magni-
tude of the BE in all the matorinls studied. Schematic
diagram showing the method used to evaluate the BEP is

shown 1in Figure 41. ’ 1
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a) Mnterialu und Testing Procodure :

In ordor to ntudy the of!octs of prior strain the‘diroc-'

r'iion of atraining with respect to tho rolling diroction, and
the 1nitia1 scnso ot deformation on tho magnitudo of the Bau- 7
 .sch1nger Erfoct 1n HBLA atee;g, specimens of Molycorp x-ao
‘5/8" and Ipsco 3/8" materials were usod in both the as-roceived
'hnd annenlod conditions. The chemical compoeitions and metal- ‘
: iography of these materials are preaonted oarliar along with ’

detailed studies of their forming properties nnd failure mech-

anisms. '.- o _ ) | >
“From the central region of ‘the as-received plates, and
parallel to 3pecified directions (with respect to the rolling

direction) specimens, shown in ‘Figure 42 wero machined. In-

~order to oliminate any‘burfaco damage due to~machikipg, the

specimen surface was polished. . “

All tests were performed on an Instron teénsile toatfng /f
machiﬁe using a rig sﬁown in Figure 43 and designed so that:
i) the change from tension to compression was smooth,
with no delay, and
i1) the specimen axis could be accurately aligned along
the rig axis, '
In order to study the effect of prestrain on the BE, a
range of strains from 0.005 to 0.07 were used in both tension-
compreasion and compression~tension sequential cycling. The

sample was deformed in the forward direction (tension or com-

pression) up to a certain strain, usually starting with 0.005

'; -"'.4) EXPERIMENTAL D’ETAILS T -]-', e T,
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'Y
) . . . , . K :'l“'. d' . . . e
-.‘atrain, and thon tho diraction ot strdining was revorsad (com-
':proasion or tanaion) In. thiu procoss, the snmplo was strninod
~ back 2rom tho !orward plastie dotormation to tho Zoro total
iplnetic strnin, comploting one BEP loop a8 showr in F;guro 44

In ordor to roduce tho numbor of snmplea needoQ, tho lamo

A

spociman was uued to obtnin tho data for a wido rango of pro-
,strnins by sequentiul oycling through ns mnny us ton loops.. |
_ It was ansaumed that ‘taking ha @smple to zero total plastic
strain in‘each_loop,‘producod u'nogligible atruin hardonins,
evéﬁ though gome atrain accumuiation“m#y have ocourrod. The =
amount df doformntioé for oach lodp was increased by 0.008
strain, aéproximatoly. | "

In~erder to study the influence of thé sonse of the ini-
tial strniﬁing {tension of compression first) on the magnitude
of the BE, experimenta wore performed in boéh tongion~compron-
sion and compression-tension cyclea. |

Also, an attempt was made to study thp offoct of the dir-
oction of strqining with respect to the rolling direction. For
this reason, spécimena wore taken from the plate, oriented at
0°, to 6° and 90° to the rolling diroction.

All the tests wero conducted at room temperature and at
o crosshead speed at 0,08 in/min,

.The geometry of the samples is shown in Figure 42 and
2ll the specimens were takén approximately from the middle of
the plate., The specimen dimensions were chosen to avoid buck-
ling durinﬁ compression, Strain was measured using an Intstron

1/2" strain gauge, fitted with gpecial arms to have 1/4" gaugo.

o R
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- b) Methods of Measuring g and. aR

&

_ Having analyzed the factors involved in the BEP equation e
_‘it was clear that the reproducability of the BEP data dependedf}-t
:Zcritically .on. the accuracy and consistency of measurements of |
the parameters °o and “R This requirement for a consistent
'definition of °o and aR was particularly important in the com-
'.pari-son_ of. test_ results. of_ith_e‘ di_fferent materials and conditions,
~~ each of-nhich.snoned chnracteristic'tensile stress-strain flow '
curves at tne;noint_of;initiai.yielding;. For-instance, some
materials.showed continuous_yielding with a highiy rounded
teneile flow'curue. In'this case, a'small vsrietion in strain
caused a large difference in the measured flow stress. Other
materials or test_conditions clenrly shoned_discontinuous
yielding. N : : : ' ’ |
In order to circumvent this problem; for the determination
of the yieldlstress,‘oo, in forward flow, the tensile load-
elongation curves were observed to fall into three distinct

categories, namely;

(1) an initial discontinuous plastic yielding;

(ii) a prior elastic loading path followed by continuous
yielding, and |

(11i1i) a curve with little or no elastic portion followed
by continucous yielding.

For discontinuous yielding, the true gtress-true strain
curve was first completely plotted for the region of homogen-
eous plastic deformation. Then, this curve was extrapolated
to zero plastic strain. The 0.2% offset stress was then ob-
tained in the usual way. In the second case where plastic

flow immediately followed a prior elastic path with no



w'f;stress-true strain data _ u'<\ . '.‘ e

';j observed discontinuity, it was possible to measure the 0 2%
“;offset stress directly : In the final case the required off- ,

- ‘set eress was extrapolated from a logarithmic plot of true

. T ——
R . .

”V“The measurement of the reverse yield stress 43 was/com-‘.'

-_paratively easier as the reverse flow curves all showed\the

\

--ibehaviour previously characterized under case (ii) in the dis—,.

cussion above. . However a11 the reverse curves also showed
some level of micro yielding of’ the order of 0 1% or. less

Micro yielding has been attributed to tbe previously bowed ‘
and bent dislocations straightening O%ﬂ under the action of

their own line'tension and the'applied reverse load. The
A

offset stress was measured as in cas (i1) above.

At this stage, it should be poi ted out that for a con-
sistent evaluation of the BEP equaH n, both Og and % should
be computed from the same value of offset plastic strain. It
is clear that the deformation in the reverse direction imme-
diately after the prestraiu in the forward direction can only
show the net effect of both forward and reverse stralning. As
the reverse strain increases, the back stress produced during
forward straining, decreases to zero and a new back stress 1is
developed in a sense to oppose continued reverse deformation.
Thus, if the BEP is evaluated using respectively different

offget strains for %R and o the established independence of

O’
the BEP with respect to the pre-strain is lost, particularly
in the small pre-strain regime. This point ig illustrated in
Figure 44(a) from test results of Molycorp X-80, 5/8" plate.

In each case, Oq is consistently evaluated as 0.2% offset

9T
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atress while °R is computed as 0 1 0 2 0 5 and 1 0% offset
'etrees. Clearly, 1: for instance UR and °o are. both evaluated
' fiae 0 5% offeet etreﬂs,_the independence of BEP of pre—strnin'-‘-='

a8 predicted by the equation 1/BEP = C1 + sz 1/ -once again

returns ..

.o

\
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"5) EXPERIMENTAL RESULTS

| Ae etated earlier the studies of reverse £1ow and the
ﬁBE were performed on two HSLA eteele, Molycorp X-80, 5/8" and
Ipeco 3/8", in both the ae-received and annealed conditione.r
"Annealing experiment was conducted on iinally prepared speci-

'gmens in.an evacuated glaee tube at’ 550°C for 1 hour. “The sam-
L /

plee were deformed to a preetrain, tollowed by reverse etrain~‘

.
ing as explained in the previous eection. Uging the data rrom

" each BEP loop, the magnitudes of the BEP we e calculated The
results obtained are presented in Figures 48 to 58, which show

‘the BEP versus forward plastic strain, £p-

) ' : (
The Figures show that the BEP is esgsentially independent

of the extent of the forward plastic strain, for both types
iof HSLA steels and in both the as-received and annealed condi-
tions. 1In general the magnitudes of the BEP for the tested

materials are found to be in the order of 1 or more, showing

. /
that according to the proposed model(zs), approximately one-half

of.the work-hardening in the forward deformation is involved
in building up the back stress on the hard, rigid particles.
Such a yigh magnitude of the-BEPIis not expected for the mat-
erial containing a'relatively small volume fraction of hard
phases, According to the optical micrographs of these mater-
ials, for Molycorp X-80, 5/8", the volume fraction of non-
ferritic phases 1is of the order of 0.13-~0.15, while the mea-
sured volume fraction of these phases in Ipsco 3/8" is even
lower, of the order of 0.07-0.10. Applylng the relationship

between the BEP and the veolume fraction of non-ferritic phases
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for'a range of steels presented by Ibrahamczg),, Figure 35

.for these volume fractions, the expected magnitudes of the BEP e

are. much smaller This fact shows that a’ simple relationship
i between the BEP and volume fraction of second phase particles

‘found for a wide range of carbon-steels_cannot be simplytapplied

. for HSLA steeiS'systems. 'Using data obtained in this study‘for )

these two HSLA steels, a new relationship between these factors
is found to be

1 1 ‘ , :
BED ~ 0.3 + 0.27 H (10)

and is represented in Figure 97.

‘From existing data ehown in Figure 57 it cakbbe seen that
the magnitude of the BEP iS'increasing as the shape of the
second-phase particles becomes more complex. This indicates
that the effeetive shape of the non-ferritic phases in HQLA
steels is very complicated with complex stress fields around
the particles, Also, the unexpected high values of the BEP
in materials with relatively small measured volume fractions
of non~-ferritic phases lead us to the conclusion that the
volume fractions measured by optical microscopy.are not the
effective volume fractions.

Besgsides the small precipitates not measurable optically,
the measured volume fraction could be increesed by residual
ctreas fields in the vicinity of the particles. This seems
particularly impartant for Molycorp X-80, 5/B" where the M/A
constituent with residual stresses in its vicinity was docu-

mented in previous chapters. HResidual stresses in the mater
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. ials could result from processing at low temperatures, or -as 7:'-

¥: result of the transformation (volume accommodation of the
microconstituents such as retained austenite or martensite)

- To investigate the presence of the residual stresses in
'these materials, their sense .and scale experiments were con-
ducted in tensile—compressiVe and compressive tensile cycliné
deformation. j%rom the results shown in Figures 45 to 56
it is found that in both tested 'HSLA steels Molycorp X-80-
and Ipsco, in~the as—received conditions, the magnitudes of.
the BEP for tension-compression type of deformation ai'e well
sbove.those for_compression-tnesion tests. This leads to,the
conclusion that in the-asnreceiued materialsfthere already |
exists some tensile residual stress, which opposes deformation
in tension and aids the deformation process in compression
According to the simple model for the BEP, used in this inves-
tigation, very small differences in the initial flow stress,
do, are needed for marked changes in the BEP in the tested
materials. It was found in this work that the yield stress in
compression is lower than it is in tension by approximately
1 -4 ksi, depending on the specimen orientation with respect
to the rolling axis. By annealing for 1 hour at 550°C, the

difference in the BEP in both materials is reduced, showing

that the probably existing residual stresses are removed by
this heat treatment. .

Knowing that the pr§sence of the residual stresses could

-
-

result from the controlled rolling at low temperatures or from

the transformation, an attempt was made to investigate if the
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nature of the residual stresses has any relationship to the
i rolling direction. . ":' - i'; l‘:‘ B _'f' | .'l
Studies of the BEP were conducted on specimens taken at '
0°(L-longitudinal), 45 (D—diagonal) and 20° (Tatransverse) from
the’ rolling direction.' All the experiments were again done.inl
tension-compression.and compression;tension; and the results

are shown in ‘Figures 45 to 56. For clarify, all the resulfs

for the BEP are summarized in Figure 58 for Molycorp X-80, 5/8"

and in Figure 59 for Ipsco 3/8". , ’

From‘the data, a general conclusion can be made that the:
largest difference in the magnitudes of the‘BEP in tepsion-
compression and compression-tension tests is fou for the sam-
" ples taken parallel to the rolling direction. This difference
decreases as the orientation of the samples rotates towards the
transverse direction. This indicates polarization of the resi-
dual stresses in the rolling direction and can be explainep in
two wa?s. Firstly, the largest portion of the residual streéses
in the as-received materials could result from the rolling at
low temperatures. Secondly, alignment of the second-phase
particles in the rolling direction during processing could pro-
vide maximum resistance to the flow processes in specimens
parallel to the rolling direction.

It is important to note that the difference between the
magnitudes for the BEP in tension-compression and compression-
tension for Molycorp X-80, 5/8" during annealing, is decreased
in longitudinal samples while the magnitude of the BEP for

transverse orientation i1s almost unchanged. This means that
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= the observed anisotropy in Molycorp X-SO 5/8" in the as-
received conthion is removed by annealing, bringing the BEP
msgnitudes to slmost the_same vslues in sny-orientstion.,‘The
/data for Molyoorb X—BOIIS/B" supports-fhe-theory'thst the pre-

sence of. the residual stresses are due to the rolling at low
temperatures and due to localized transformation Knowing

that-the'presence;of the residual stresses in the as-received
condition could affect the-shape of the initial yielding, the

stress~strain curves forﬁuolycorp X-80, 5/8" for the tested

orientations, in both tension and compression are compared,

and are presented in Figure 60.

- It can be seen from the initial part of the stress-strain
curves, that'there exist some differences in the work-hardening

rates and these also cause the differences in the measured 0.2%

offset yield stresses. The roundness of the presented tensile

stress~strain curves, increases as the orilentation of the sam-
please rotates from the transverse to the rolling direction,
indicating that the most effective tensile residual stresses.

are polsrized parallel to the rolling axis(al). In compression

tests, the roundness of the stress-strain curves 1is almost

the same in all orientations.

From the summarized data for Ipsco 3/8" shown in Figure

59, it can be geen that the largest difference in the REP

valueg between tension-compression and compression-tension was
observed in the samples taken from the rolling direction, while

almost no difference was found for the samples 1o the traus-

verse direction 1t was Interesting Lo noutlce Lthat, aftey
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, & n
annealing (1 hour at 550°C),. the magnitude of the BEP for com-
préésion-tehsion-Fest.for the iongitudinal sémples was incrg&-
sedjwhile’the values for this parameter for-tenéiénecompression
waé almost uﬁghanéed. It 18 possible that during annéaling
some precipitation hardening occurred, and the iﬂcreased volume
fraction influen?es the magnitude of the BE. At the present
}ime it is not unéerstood why such a différence in the BEP for
&ifferent orientations exists after annealing. -

| It was documented in previous cpapters.that the presence
of residual stresses in HSLA materials plays an important roier.
in the failure mechanisms and in a similar manner it could be ;
stated here that the presencé of any residual stress fields
greafly increases the Bauschinger loss. To reduce these
effects, more work isjneeded for a fully quaﬁtitative analysis 1
of all the factors that could cause a residual stress field in

the materials. 3

Ag reported earlier, in these complex materials, the S-~-D

Sl

effect is observed and is of the order of 1 -4 kgi. This is

particularly important for the accurate characterization of

oo Kb

the BE as a funection of the direction and senge of the initial

deformation. This may account for the obeserved planar anian

tropy and the differences obtained in the RE.

According to the ]iterature(ag)

, this is an indication
of the presence of polarized residual stresses in the material.
These stresses could be related to the preferred ovricututlion of

the second phase particles 1u Lhe rtulling directton aand could

be caused Ly Lhe voluwmne expauoslon Lhal acocompanles the ausleuit.o
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i

to martensite transformation and by the thérmhﬁﬁ%radiénts

présent during codling. -As reported, these materials, consist-

ing of.a\mixture of soft and hard phases could show a large S;D
effect. To characterize the S-D effect and {ts relationship to
the BE for the tested maferials, more work is néeded‘for the
precise determinatioﬁ of the yield stress, og, in various dir-
ections and senses of deformation. 7
: ‘Agja'general comment, the magnitude'of the BE in HSLA
steelgsis very large even though these are métefialé w;th very
low carbon levels and relatively low inglusiqn.levels.

The main microstructural features 1n,§SﬁA steels influenc~

Ay

ing the BE are found to be a number of coﬁﬁlex, hard, rigid and

&
relatively large regions such as M/A constituents and carbides,-

along with some residual stresses in their vicinity.
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- ﬂ/cHApTER 7;
CONCLUSIONS
The present thesis has béen.cqncérned wiﬁh thé'mechanital.
r.prOpeftiés,_therforming3charéctéfisfics,-tpé fractU;e'behatiour,
aqd°their relationship to‘Ehe mic?ostructural_féatures of the
commercially processed HSLA steels. Ih addition, an effort
haé been made to describe the behaviour of these ﬁaterials in
reverse strdﬁning.
From the data presented in this th?Sis, the following
conclusions cﬁn be formulated: |
1. In spite of the very low carbon content, the microstfuc—
tures of the tested HSLA steels are complex and can bé
" represented as mixtures of the soft (ferrite) and the
hard (M/A, inclusions) phases. In the materials with
very low inclusion content, the critical microst{ucf
tural quantity seems to be the complex M/A constituent.
2. The work-hardening exponents, n, and the corresponding
values for the uniform strains in uniaxial tension are
relatively low. Soon after the geometrical instabil
ity is reached, the samples failed along shear Zones.
3. The strain to failure for the HSLA steel with a very

low inclusion content is almost the same as or less

~

———— A R e 4
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. _than the failure strain for the HSLA steel with a high
incluSion'cohfent."Inf;he first caé;; the‘M/A_gogstit; -

_uent present in this material plays the role of inclu-

sions.

The Forming Limit Diagrams prodﬁced sh§w felatively low

£orming:po£énfials; predicting‘difficulties'in the form-' .

ing of more complex components from these materials.

The results from the,stret¢h—bend'te5ts.sh6w-a good
correlation with the fofmihg charadteristics. It is a
very sensitive method of evaluating the transverse form-

ability'and the effectiveness of sulphide shape control.

A number of failure modes is observed in this study, and

the most criticalfseems to“be the development of unstable

shear bands at an early stage in the deformation history.

The presence of hard, complex M/A regions with residual

stresses in their wvicinity could have a major influence

on the strain localization and the formation of unstable

shear bands. /

. The magnitude of the BE in the tested HSLA steels is

very large, even though these are materials with:very

low carbon levels and relatively low inclusion contents.

The magnitude of the BEP for thesg materials is found

to be independent of the extent of the forward plastic

strain, but is dependent on:

a) the direction of straining witﬁ reépect to the
rolling direction,

b) the initial sense of deformation (initial straining

in tension or compression).
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