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cHAPTER I 

·INTRODUCTION 

, ' 

• 

The development ot strong, tough" easily weldable steels 

I 

, '. / -
with yield stresses greater than eo .ksi tor pipeline,' p,ressure 

vessels, ,the automotive industry and structural applications 

at an e.conomicallyattractivecost 'has been perhaps the most 
, - / " 

commerciallysign1"tica,nt achiev~ment by metallurgists in the 

last decade. • 
The general requirements tor this class ot steels are 

, ~ -
high (50 - 100 ksi) yield strength, adequate toughness, we1da-

bil1ty and formability, corrosion resistance and economy ot 

'production. 

In order to attain high yield strength and adequate 
I 

toughness there are several difterent approaches in practice 

characterized by the following factors: 
IJ 

- The use of alloying elements such as Nb, V, Ti which 

promote both grain refinement of the austenite and 

preCipitation hardening in the ferrite, 

- Tne ability to process the austenite phase by hot de-

formation in a con'trolled manner involving both the 

degree and the temperature of deformation and the sub-

sequent"'cooling rate. / 

( 

o 
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In addition .to . the control .of' the alloy content,. the' .. 
trend. hasoeen to improve weldability by reducing the 

. carbon con ten t _ ' 

.:.. The'demand for, anisotropic stru.ctural'HSLA material 

has led to the. practice of 'inclusion ·control, ,'using 
; 

bothdesulphurizatiortpractices and sulphide shape 

moclificati'on .. 

Much ef~rt has been made ,to p!oduce steels with an 

. ul trafine .grain ~ize' '( 1 -5 jJ). Reduction in transform,ation 

temperature increases .ferrite nu'cleationand reduces the 

2. 

grain size of steel. Also, ata greater degree of undercooJ.

ing more free energy is available to produce plate'and needle 

morphologies; 
r ' 

\ Hence, the fast~r growing acicular pro~ducts 

dominate in the structure at lower transformation temp~ratures. 

The grain size obtained by reducing transformation temp~ratures 

may be further refined by finishing the rolling at'lower tem

,peratures. Figure I shows the grain size as a function of 

the transformation temperature for different finishing temper-

(I)' '" atures .Most controlled rolled steels presently prbduced are .' 
based on this practice. Other me~hods 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 also contribute to the higher yeild 

strength, 

As a result of different approaches there are a number 

• 
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of grades of the !ISLA steelswhi.ch can be divided into the 

following·categories: 
\ ~-

Quenched and tempered \HSLA steels . .~ 
." -' - - "- "\" " . 

ACicular ferrite HSLA s.teels 
. . ..".".-\ 

- Polygonal ferrite, pearl'i~e reduced HSLAsteels . 

- P;eCiPitati~n harden~d HSLAsteels 
- ."- " 

4 

Intbe past for. many Emgineering applications, thes'peci

fication and comparison of materials have b~een'based only on 
, 

tens1'ie properties s,uch as the yield strength .or the s.train 

. to fai·lure. However, specific requiremen:ts vary for each 

application. For example, an important' property tor automo- , 

tive industry is ,the formability of· strip material, whereas,. 

for structural uses the weldability of heavy plate sections I " 
For the pipeline application, the impor-is more important. 

tant characteristics are high yield strength, fracture tough-

ness, weldability and economy of production. Many fabrication 

processes such as UOE pipe-making process, subject' the mater

ial to strain reversals, which may lead to reduction in the 

strength due to the B~uschinger 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 occur-

ing during continuous cooling of the thermomechanically 
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I 
proc.essed low alloy steels ,. 

h.,' .' .. 

2. to give a detailed description of the compiex trans,.. 
.) ---'" ," 

formation products, . 

3. to' correlate the microstructural parame:ters with the 
.,' •• ;.0, . 

mechanical behaviour ~f.the materials. 

A better understanding and-definitiori of the major mater

pa:rameters could lea~ to more Isuit~ble,.,specific~t·iQnS for 
7:1' 

each particular application of' HSLA steels .. 

The materials used in this study we~e chosen so that the 
.. 

influence of a variety. of microstructural variables on frac

tureand formability could be stuctl-ed.·The ·materials included 
. . ' '\ ~" . 

both acicular and polygonal ferrites and precipitation hardened 
~.., , . 

ferritic structures with various distributions of both non-

metallic'iriclusions and non-ferritic phases. 

The objec·tive of this study was to establish the relation

ship between basic mechanical properties, fracture and forming 

characteristics and' the microstructural.features. In addition, 

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

ials in reverse straining, as a very important charaoteristic 

for pipeline applications. 

For clarity of pres~ntation. this study is divided into 

chapters which deal with the following topics: 

2. The characteristics of the materials 

3. The basic mechanical properties 

4. The assessment of formabi 11 ty 

5. The metallographic studies of failure 

It· ~' 

,', . 
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.. ;, 6 . 
' .. 

1'6." The reverse straining. behaviour. and the . Baushinger' 

effe.ct 

. 7. Concl usio'ns 

'The present study. was concluded on the commercially avail-
~ 

able' materials. Because of· the large amount needed and the 

reproducibility of these'materials in a wide range of section 
(' 

sizes; an adequate 'characterization of th'ese HSLA" steels is of 

great importance for .the present'industry. 
, ' 

. ,/ 

,The advantage of 

• this' study is the <use of high volume commercially. produced 
\ 

materials, but disadvantages are the difficulties to quantita-

tively characterize materials b!lcause of the 'lack"of knowledge 

of. the material 'histoi:-ie~ from ij.ngot· to t~e finally produced 

plate .. \" 

Some of the experimental work ,concerned with basic mech

anica:l properties and formabi'Ii ty was performed in' conjun.c~ 

tion with Mr. H. Her¢,' during his stay at McMaster 

University. 

'\ 
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TABLE I 

'\ 
,,)"\-

CHEMICAL COMPOSITIONS i: . 

, Average • 
Alloy :, , Grtrln Size', 

D2si~ation C S 0 IJn ~b Nb Ni , Cu Si AI ProceSsing , nm)(1O- 3 ' 

".1;", . 
Ipsco 0.063 0.023 ' 0.002 1.6 0.25 0.05 0.06 0.02 h9t rolled and 2~6 
3/8" , . finished' at 

1600~ • 
," 

-:..... 
,Ib1ycorp , . , 

X-SO, 1/4" 0.059 0.002 0.003 .1. 71 0.14 0.10 - 0.66 ' '0.'06 sOakectat 2350~·.· 3~2 .. 
, , anci hot rolled 

finishing at 
1650~ : 

. , . 

~b1ycorp 
0.06' soaked at ' 2300<7 X-SO, 5/8" 0.063 0.,001 0.009 1.71 0.14 0.10 0.67 5.3 

, . and hot rolled 
'. ~ finishing at 

1450~ c_, . ' 
INm 787 ~ 4. I 

1/2" 0.034 0.011 0.002 0.44 0.21 0.045 0.89 1.16 ,0.28 hot rolled 12.5" " . ·f 

nonnalized fron '. ;0 'j. 
1650~and ~ J' 1 hoUr at 1000 . 

, ' 

I 

I .. 

---- ," ···r . 

~~~.:... ,:=, i; .... ~ ..... -lI:i.~l i . .' . : ... . 4'_ .,- ".: '.'-'~: <-"".-.' •. ~ 
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CHAP,TER 2 \. 

THE CHA~CTERIZATIO~ OF THE MATERIALS 

" / 

. , 
In order to give an adequate,description of the micro-

" ~ .~ 

structural fel,Ltures of HSLA ste~ls,; it is necessary to con-

'sider the, effect of both the composition and the, the'rmo'-

- mechanical history on the transformation of austenite under 

continuOuscooling.conditions. 

In general, the addition of alloying elements and the 

controlled rolling practice lead ,to the' production of fine-

7 

" 

grained ferrite transformation products, from austenite fin

ished at low temperature. The continuous cooling transforma-

tions can be predicted with the aid of the diagram in Figure 

2 which'gives the conditions in which pol~onal and no~

polygonal ferrite structures are produced(2). In addition to 

the morphology and scale of the ferrite, redistribution of 

carbon during transformation plays an important 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 retained austenite or martensite(3). The 

amount, and distribution of the austenite-martensite constituent 

• 

i 
I 

i 
! 
" ,. 
i , ,. 
j 
! 
J 
1 
1 
1 
I 
i 



'.' 

W 
0:: 
:J 

~ 
0:: 
W 
a. 
~ 
w 
I--

• 

..... 
" " 

~ ................. 

" " \ _ - -.r-:: - - :::.\....: ---- ~----- -

...... ...... 

\ - --...... . -
, ...... 

Fine G,~, \ " . 
Substructure \ ...... 

....... 
....... 

Si \ /"< 
\ " 
\ " " 

\ 

............... .'. FS' 

........ -----~c 
...... 

. POLYGONAL FERRITE' ....... ....... .' , .... 

......' ,," . ...... .............. ' • .....~ICR +Acl ..• 
......... , --
ICCR +Aci 

, 
" 

" \ Coarse G.S. 
C,Mn,Nb 
Mo,er, Ni \ 

\ 
\ 

NON-POLYGONAL FERRITE 

Bs 

Fig. 2. 

, 

\ 
l. 
\ 

/'; UPPER BAINIT,E 

/CR+WO/ 

LOG TIME 

\. 
\ 

" 
\ ;' 

" ICC-R+WO) 

----

'" 
" CD 

, 

• ;..J>', 

'. 



.... ,,,. 

;'r, .... 

.. ~ 

.... ,. 

J 
.' 

depends on the .thermal history, 'on the kinetics of "the tran~-

. formation. and oli factors such as the homogeneity of th~ dis-. 

tribution of some alloying elements, ·e.g.manganese. 

The amount and the distribution of this complex micro

.const! tuent appears to be' very important; because, as shown' 

9 

. later, the austenite-martensi·te microconstituent plays a major .' . 

'role' in determining .the yielding characteristics and energy' 
··i ' 

absorption in HSLA steels. 
/ 

It was dec.ided that the study of the microstructure of 

these steels would be limited.to the'use 'of 
_ . .-:-'1<, . 

. a) Optical microscopy, and 

b) Scannirig.Electron .Microscopy. 

The use of Transmission Electron Mic'roscopy was excluded 

because of time considerations. It was felt that a thorough 

TEM study of· these materials would itself be a major project. 

For clari~y, the study of the microstr,uctural features 

of tested HSLA steels is divided into sections dealing with: 

a) Microstructural features of Ipsco-Cli~ax HSLA steel. 

b) Microstructural features of Molycorp X-80 HSLA steels, 

c) Microstructural features of INca 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 

in an acicular ferrite matrix(4). This concept involved the use 
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" 

10 
'. 

- . . 
of low carbon contents' for improved toughness, weldability 

. . 

and formabili ty, alloying 'wi th Manganese, 'Molybdenum I1nd 
, 

Niobium in order to suppress they,;. a transformation· tempera-

: ttireand subsequently form' a predominantly high strength i' fine-. 

grained acicular . ferrite structure.' 

) 

~ . 
The m~r.ostructure of Ipsco steel, shown in Figures 3 and ,4. 

• I 

. consists 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 

. parallel ' ferrite laths arranged in colonies with a small lat-

tice misoriel1tation between individual laths and a high 

dislocation density'. The microetructure of the acicular 

ferrite 'is too complex to penuit a quantitative estimate of 

the dislocation density or the extent of precipitation, by TE~1. 
• The main features visible on the optical and on the 

Scanning Electron Microscope (SEM) microg/ap~s are the general 

scale of the structure with grain size of the order of 2 - 3 11m, 

and the absence of a network of prior austenite grain bound-
. 

aries (an important distinction between acicular ferrite and 

bainite structures). 

As far as chemical composition is concerned, the major 

alloying element in this steel, Manganese, is added to reduce 

the ferrite-pearlite transformation temperature, f~rming 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 ferrite than 
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bainite, it '9.cts in conjunction with manganese to produce. 

fine-grained acicul.ar ferrite.· Niobium, the most effective 

alloy element for' refining grain size of all controlled-rolled 
.;.!:;: 

:,.1 

'steels, lowers the austeni te-ferri te transformation temperature . . \ . . 

and also contributes to the p~ecipitation strengthening by pre-, -
cipitationof niobium carbo nitrides - Nb(C,N). Low Carbon 

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

. precipi t,ation, and any increase above this level' is detr~mental 

to the .mechanical properties and to the welding beha~iour. How-

ever, it is not practical to specify 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) Microstructura·l features of Molycorp X-SO Steels 

The chemical composition df these steels was proposed by 
. (6) • 

Molybdenum Corporation of America as an economical means of . 
obtaining steels with mechanical properties suitable for con-

strllction of large diameter pipes for use in the Arctic.. It 
• is a low-c.arbon Mn-Si steel containing 0.10% Nh. 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 r~ma1n!ng sul

phide,; wa,; controlled by the u,;e of rare eal·tll ~lell\~nt,; , 
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The microstructures of these steeds are presented.in ... ki 2".p'""· 

... Figures 6 and 7. The main . constifuents are polygonal ·fine-
. .. . 

grained ferrite with statistically distributed "pearlite" 
/ 

regions· in S/S" .thickplate, .and a banded ferrite'-pearlite 

struct~rein 1/4" plate, ~igure 7~ Careful optical and SEM 
'. . . 

investigations show.tbat· in·S/S" plate, the "pearlite" regions 

consist of very. complex transformation ~roducts such cas mix- . 

.. t\!.res of blocks of retl'lined austenite and h{gh carbon martensite (3) . 

In addition to the formation of carbides, the rejection of 

carbon from the g~owing ferrite results in the formation of 

regions of retained austenite or martensite.. The amount and 

distribution of the austenite-martensite constituents depend 

both on the thermal history and kinetics of the transformation 
,: 

and on factors such as the homogeniety.of the distribution of 

the substitutional alloying elements. Furthe~ investigations 

have indicated 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. 

c) Microstructural features of INCa 787 Steel 

INca 787 was developed from a Ni-Cu-Nh Ateel hRAe uAlng 

methods designed to meet the requirements for gas transmission 
• 

pipeline, especially those to be built and operated in areas 

of extreme climatic conditi(.ns(8). The alloyinK prucedure 
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. allowed ·both. ~tre'ngth and' toughness to be increased while re-' 

.. ti-ining;eX~e-l1ent~eJ-dabnitY. In view of .the apPlica~ions 
for which .the steel was i'ntended, ·much of the development work 

-- / . I' .. .... 
invol.ved 1/2" plate in a) the as-rolled, b) --rolled' and aged, 

. ~ , 

c) normalized and, aged, and d) quenched and aged conditions. 
\ . . -

Thu), the steel is versatile and appears to be suitable for a 

number of structural and general'engineering applications in 

a wide range· of section size~ Small amounts of,"Cr and Mo 

are added to delay auto-ageing on cooling after hot rolling. 

Copper ,provides age-hardening by precipitation of the copper

rich epsilon phase in f·errite(9). However, when .,copper is 

present in amounts greater than 0,.4%, it tends to cause sur

face creacking during hot rolling, known as "hot shortness". 

Nickel additions in the ratio of about INi:2Cu are required 

to minimize this effect. 

The microstructure of this material, shown in Figure 8 
u 

consists of relatively coarse polygonal ferrite with a small 

amount of pearlite. 
( 

The average grain size of ferrite in 

the' as-rec'~ived condition is relatively coarse, and after 

normalizing at' 9000 C for I hour and ageing at 5400 C for I 

hour, a remarkable change in grain size is observed, giving 

an average grain si,ze nf -- 12- 15 urn with r.onsiderahlp. rp.dur.-

tinn of penrlitp rnntpnt~ 
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TABLE II 

H. S. L. 'A. GRAIN SIZE DIAMETERS 

, 
i :1aterial Average Grain Size (Micron) 
I 
I Rolling Direction h' k 'D' . I I T l.C ne,ss l.rectJ;on 
I 
i 
I 
I . 
I X-aD, l/4" 3.6 ,2.6 
i 

.' 

i , 
I 

I X-80, 5/8" 6.3 4.5 
, 

c 

i =nco 787, 1/2" 14.5 11. 3 
- - 7J --:-' .-, .. -

i 
i Ipsco, 3/8" 2.2 2.5 , 
I 

/' -'-, 
-

. ..,. 

I 
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C}{APTER 3 

BASIC MECHANICAL PROPERTIES I 
.. 

Tensile tests have been performed on all the test mater-

ials' using a .207" x 0.375" flat samples, shown schematically 

in Figure 9. The tests were. performed on a 10,000 lb. Instron 

testing machine, using a crosshead speed of 0.05 ins/min. The 

specimens were taken parallel and perpendicular to the rolling 

direction of the plate, and a one inch Instron strain gauge 

extensometer was used to record changes in the length. 

For determination of the plastic strain ratio, the re-

suIts for through-width and through-thickness deformation 

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

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

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

uate the strain hardening index, n, the tensile true stress-

true strain data were fitted by the empirical power-low equa-

tion 

o = 0
0 

cn 

In Table II are listed all tensile parameters determined, and 

Figure 10 shpws representative stress-strain curves for the 

materials. 

Both Molyc:urp X SO, 1/4" plate alld INCa '/S7 1/2" t!Xhll>i L 

) . , 
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LOAD 
(lbs) 

-23- . 
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\ 

(0) (b) (e) 

a) Molycorp X-BO, 1/4" 

b) INCO 7B7, 1/2" 
c) r.lolycor;p X-BO, 5/B" 
d) Ipsco-Climax, 3/B" 

Fi.p;ure 10 . 

.. 

(d) 

ELONGATION (inches) 

\ 
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a discontinuous yielding with large Luders elongations and 

square-type stress-strain curve. The acicular-ferrite Ipsco 

---
3/8" steel is a typical representative'of materials with con-

. '. ,I,'· -----:..:.,,_.__ --.. ~_' __ ~ ____ _ 

tinuous yielding and rounded stress-strain cu:rves~ Mci1:yco.r.~-----__ _ 
, ',' ' ~~ :---... 

X-80, 5/8" plate shows behaviour intermediate between the --- ---

square to the round type of stress,::strain.curves. 

The work-.:,~ardening exponents, n, (computed using the 

above equation) for all the tested materials are very low and 

lie between 0.12 and 0.16, giving the corresponding values 

for the uniform strains in the range of 0.13 - 0.18. In order 

to defi'ne more accurately uniform strain, true stress, 0, -true 

strain, E,. and do/dE - E were plotted and the intersection be-

tween the falling do/dE versus E and the rising 0 versus E 

* determined, giving a value of E at' which necking begins. The 

values for E* 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 unifnrm Atrain prior to necking, E - n. 
u 

~nnn ~ftpr n0~king ~t~l·tprl. the tpnsilp RHmplPR fRilprl 

:llnng c:h"'~r '7(ln"~ within tho TlP(>k with lnw tot::11 tr1Jn c::;trRinc::: 

to fRillll"P 

and is discussed in Chapter 5. 

It hU!:i been Ulttlcult to t'ltld adequale t.,;Ul'l'ela.Llull l)(;::: 

.-; 
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plate and the Ipsco '3/8" steel which has a high sulphur content, 

Despite very'low sulphur content in Molycorp X-80, 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 f6r 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 emplQyed and a more 

detai-led description is given in C.hapter 5. 

From the data prese~ted 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 leave" a high di"location den"ity and hpnc., redll(,p" the 

wnrk h::!.ynpning ("~pH('i tv ("If thp m~trix. Mnrp <:JlI~nt i t~ti'vp oie: 

,..uc:::!=:inn on thic::: prnhlom ieo: p:lvOn in ('h::tpt~rc:';: '1 ~nrl S riC'">:11inP.' 

with fOT'm::lhility ::!.nn f:1ill1Yr.> m(:>(·h~nic:::mc:::. n::)(:;port;vp1v 

r 
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CHAPTER 4 

·THE ASSESSMENT OF FORMABILITY .. 
Rel'ati ~e1.Y-frh·le is known about the formability of hot 

/~ / 

rolled HSLA steels for the simple reason that their applica-
/' • '1 

tioti in roles requiring such knowledge has been rather limi ted. 

The higher strength' of HSLA steels .bas been utiliz,?d 
\ ... , 

mostly to achieve higher working stressei1 of welded flat sec-

tions or simple structural shapes, and little forming wae in-

valved. 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 h.igher strenv.th steels permIt thp. design of 

hnnr-p mr.rp ('nmp'1f"f ~nd 1 :ghtr>r ·'r:~ .... 'nhlv 

FnT'Tl''''Ihilit\, i!::::;:l k,...v f;:f,-I", whi,·11 p~t:::\hli~hp~ thQ Allnw 

~hlp p~rt ("nntoIlYC:: f("l" ,,~, 1\ o;--I(,,>pl ('nmrl()npnt~ wh;('h rJi,("t::ltp~ 

the engineer's latitude in designIng automotive parts with 

guud rigidIty 

\ 
The turUlll~b ut' ~11t'1.1·t:1" , .• 11., 1.')111 ~hcC'L IIIt:::Lul 1:", chal 

L-I', l I,... I 1 6(.; ,1 b l.; U"': 1 d. J 1 ~ tJ) L W() , ... ., 1 ... )1111" llull 11I"'H.1t.:~ . 
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without thinning such that the ratio of pr~ncipal strains is 

),:.,.1. On the otller side of the pure stretching, form~tion 

mode, the sheet thins so that the principal 'strains' increase 
. ". . . 

positively' 'the ra.tio l: L ' Between these ~xtreme deformation 

modes, there exists plane strain'in which the minor Principal 

strain is zero. 

Formability and ductility ~J qualitative material char-, , 

acteristics. ,In general, ductility is the ability of 3., mater

ial to deform plastically without fracture .. and formability 

; can b~ defined ·more ~precisely as a measure of, the maximum de

formation of a material without the occurrence of crackin'g or 

surface deterioration. Ductility ,can be, expressed as': 

a) the uniform percentage elongation of a specified 

gauge length, or the strain 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-

duct ion in area and to define ~nd 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 derived from 

uniaxial tensile tests and performance of the material under 

complex stress con<;li tions in order to define ,the influence of 

the microstructural parameters on the formability. This is 



.. 

/ 

\ , 

.': . , 

. 
made more complicated by the continuations of strengthening 

/' 

mechanisms and the anisotropy of mechanical properties: In -_. . '. '., ~. . . ".' 

. . 

all forming methods, manufactured parts aiemade·from sheet 

29 

·by stretching, drawing, or acombination·of· both, .. The proper~ 

ties required for good stretchabiiity aren~t the same as 

those that impart good drawability .. 1n general, stretch form'" 

ability (stretchability) is dependent .on the strain .hardening . 

. capacity of the material and drawability~reflects the aniso-· 

tropy of the flow stress and the.crystallographic texture. 

Cognizance must be taken of the influence of the ductility of 

the mat~rial and its. ability to distribute strain homogeneously. 

There are sever~l parameters which can be. chose? to express an 
, . (10)· 

index of\ductility. Some authors . have related the uniform 

strain prior to necking to the behaviour in stretching opera

tion's, 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 with be-

haviour in bending and spinning operations. 

In order to determine the characteristics of the HSL,A 

steels in forming operations under complex stress sta~es, 

there are two approaches available: 

1) The Keeler-Goodwin Forming Limit Diagram, and 

2) The Stretch-Bend Test 

These will be discussed ~n turn. 
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1)· THE KEELER:':'GObnwINFORMINGLIMIT DIAGRAM (FLD) 

·In order to construct the FLD for each material, data 

. from .• severaltes1:swere necessary. These were: 

a).The \miaxial tensile test 

f) The plane· straiiltensiletest . 

c) The balan{E!d':"biaxial ten~ile test 

.. 

The uniaxiRl 'tensile test was 4escribed in the previous 

. chapter. The other tests will now be discussed. 

b) Plane strain tensile tests 

30 . 

In order to obtain an approximate limit strain under 

plane strain ·conditions,two attempts were made, uSing speci

mens.with different geometries. 

In the first attempt, the plane strain specimens were 

2" x 7" strips ... surface ground to 0.12". with two samples 

oriented in each the rolling and the transverse directions 

of the tested materials. 

To generate plane strain conditions during tensile test

ing, the 450 t.hrough-thickness V-notch was machined in the 

middle of each sample. The design of such samples is shown 

in Figure 12. For the strain measurements, a circul~r grid 

pattern of 0.05" diam,eter was printed on the surface, using 
• 

a photoresist technique. 

Test pieces were fested 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 gr~d circules located in the 



. ,: .' \ . 
\ 

. 

.. 
, 2 

.. 

. Vo. I 2" 
./' 

~ 
.~ 

. 4tJ 
I • ~ .Q~ root radius o 

II 

7 

Figure 12. 
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groove; if ~he· experiment· ha~ \been· stoppedbetore cracKing .. 

occurred. .' 

'., ' 

From those strain measurements shown in Table IV and 

Figure 17 for the HSLAsteels under plan~strain, .the limit· 

condition was fou!ld to be relatively low, of the order of 

0.1 or less .. , 

Analyzing all the parameters employed in this test,· it 

was found that: 

32 

i) Relatively sharp .notches· have an effect on the stress 

concentration and strain distribution through the 

width of the sample, and 

ii) Becau·se of high strain gradients in the deformed 

region,· and the relatively large grid circle used for· 

the strain determination, the strain computed in this 

way would rather represent some mean value 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 
(12) 

was chosen. . 

The shoulders of the sample are thick enough to remain 

elastic during the tensile test. The ratio wll is large 

enough to achieve an approximate plane strain in the centre 

region. The ratio lit is large enough so that a notch effect 

is not created. This solution con~titutes a design for an 

unnotched plane strain tension specimen. 

\ 
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Material 

Iosco, 3/8" 

Molycorp 
X-SO, 5/8" 

Mo1ycorp 
X-80, 1/4" 

/' 

INCa 7S7 
1/2" 

Orientation 
Relative 

to RD 

, parallel 
to RD 

perpendicular 
to RD 

parallel 
to RD 

perpendicular 
to RD 

parallel 
to RD 

perpendicular 
to RD 

parallel 
to RD 

perpendicular 
to RD 

TABLE IV 

PLANE STRAIN TEST 

V-Notched Specimens 

Range of the 
Strain Obtained 

"Repre'sen tati ve" 
, Strain' 

0.101 - 0.114 

0,079 - O. 110 

... 
0.108 0.147 

0.120 - 0.179 

0.125 - 0.185 

0:126 - 0.147 

0.013 0.157 

0.098 - 0.178 

0.11 

0.08 

0.12 

0 • .12 

0.15 

0.14 

/" , 

0.13 

0.14 

-.\) 

'./ 

''', 

lInnotched Specimens . ' .... 
'Elongat1on 
lld • 100 (%) 
dO 

22.45 ' 

14~03 

24.11 

20.09, 

Plane Strairi 
d ' 

E = In -d' .. , , 0" 

·0.227 

'0.131 

0.216, 

0.183 

" t:J 
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Two test pieces, in both transverse and rolling, directions', 

were machined :fi'om two of 'the tested materials: .., Ipsco 31S" 

A circular grid pattern of 0.022" . 
4 

diameter was printed onto,the reduced section of the plane 
, , 

strain tension specimen, employing photoresist technique, and 
" . 

used for the .determination-oftlie strain in longitudinal and 

,transversal' directions. The pl~e strain tensioIf tests' were 

carried out on TINIUS OLSEN 60,000 Ibi;. tensile testing machine 

because the expected load Was greaterthaJi the capacity of the· 

Instron ten,sile testing machine available. The ,crosshead 

speed was controll~dby a main hydraulic valve and'the plan 

was to keep the .. crosshead speed lit the range 0.01 - 0.001 ins/ 
, 

min. The maximum load was recorde,d and the cross head was 

stopped, in some· cases just before complete fracture occurred, 

and in the other cases, surface crac~ing and complete fracture 

occurred simultapeously before extensive developmynt of the 

neck. 

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 

fracture', the measured circles were located in the groove. 

,I 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 £1 (strains' 

in the length direction of the sample) and transverse £t 
I 

strains were computed both as natural and logarithmic strains. 
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,The 'results of this experiment' are ShOWIl in'l'able IV and 

Figure 17.' 

, The overall results prOdticecYunder these- conditions 'for 

unnotched spet:imen design lie much, above those ,for V-notch 

type samples. " This arises because the unno,tched specimen has 

a more, homogeneous strain distribution through the,width . 

The-measured strain of a notched sample .represemtssome 

strain between zero and the'fracture strain, depending on the 

size and position of the measured grid circle and the strain 

gradient. 'The results of this test are taken from the devel-

oped groove or from the Sites close to fracture surface, and 

lie in the region above the strain at instability and below 

the strain to failvre. 

.' \:-', 
;:. :"!:\.:." 



" 

, / 
c) The balanced biaxial tension test 

.... 
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Earlier studies of failure inbiaxially stretched sheets 

showed'that the largest tensile strain before local thinning 

may be, larger than the strain for necking in simple tension, ' 
, ' 

and may even increase as the degree of biaxiali ty increases. 

Thisdisco'very led to the development' of the forming limit 

diagram in use'today by the sheet metal industry. In, order 

to dete,rmine the behaviour of, HSI..A sttels under l:ilaxiai 

stress states, for the proportional straining path (f=E2!El) 
, ~ 

'close to unity, the balanced biaxial tension test was conducted. , 
For this experiment, two samples' from each tested material 

were prepared. The samples, 0.18" thick by 10" diameter blanks , 
were tested on a 200 ton hydraulic press. In order to induce a 

biaxial stretching, a groove 0.032" deep by 1.5" diameter was 

carefully machined in the centre of each sample on both sur-

faces (Figure 14). In this test, schematically shown in 

Figure IS, 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. A light film of 

mUlti-purpose oil, SAE 140 was applied to both sides of a 

0.003" thick polyethylene 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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Figure 14. 
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Material 

Molycorp 
X-80, ·5/8" 

Ipsco, 3/8" . 
, 

TABLE V 

BALANCED BIAXIAL TENSIO~ 

Punch Depth 
~ ins. ~ 

1.33 
1.33 

1.14 
1.12 

INCP 787,1/2" 1.43 
Normalized 1.42 
and aged 

Fracture Load 
pb.fxl03

) 

186.0 
180.8 

147.2 
144.4 

167.0 
170.0 

.. ~ 

• 
i >, 

... ' 

.'! 
.' 
" • 
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Strains were measurred on a grid circle close to the 'fracture 

sites and. the resul ts~·are shown· in Table V and on the Forming' 

Limit Diagram in Figure 17. All the results are discussed 

later in this chapter, and metallographic studies of failure 

are presented in Chapter 5. 

In the Ipsco material, failure occurred in the direction 

parallel to the rolling direction, initiated by the sulphide 

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

failure was small.' In the Molycorp X-SO, 5/8" plate, failure 
\ 

occurred at slightly higher strains, and is predominantly 

shea~ and not connected to the directionality of the plate. 

The forming limit in both cases increases slightly as the im

posed strain 'ratio, f = 0.2/0.1 changes from zero (plane strain) 

toward unity (balanced biaxial tension). 

Using all the data from uniaxial tension, plane strain 

and balanced biaxial tensile tests at the imposed strain 

ratios f = - 1/2, 0 and I, respectively, 'Keeler-Goodwin(13) for~-

ing limit curves are constructed for the tested materials, as 

shown in Figure 17. It can be seen that the results for uni-

axial tensile tests are lower than the other results. ThtR 

could he understood if it is known that these data represp.nt 

uniform strain limits, shown as a bro~~,Jine on the FLD. 
,,,,"':-,:, ' 

Figure 17. These data are in good agree~nt with the work-
t;~. ,Y/ 

hardening exponents, n, computed earlier .. The data from 

plane strain, tensile, unnotched type of samples, and balanced 

biaxial tensile ~ests are represented in the FLD as full lines. 

and are at a higher level, rep,resenting maximum forming 

.1 

.; 
i 

.~ 

.J 

, 
; 

~~, ~ 
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Fig. 17. 
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.. , 
. :pot~ntial. under these stress conditions. 

J . 
. . 

. ~bemajOrst:ain, cl,1s the strain parallel to the;-

rolling cUrection· and tlie· mi~or strain,c2' is the transverse -, 
strain~ '.Using'.the data presented in Figure 17 we· can see the 

. . . 

greatest diffet:enee informing limits between the rol~ing and 

transverse directions for the Ipsco, 3/B" ~late ,acicular·, 

ferri te steel with a considerable. fraction of e"loI!gated sul-. 

phideinclusions~ in the.rolling direction. On the other hand, 

. the directionality of the forming prOper~ies are not pronounced 

in the 'polygonal ferrite,Jdolycorp X-BO, 5/B" plate. 
. r . 

/' All the forming iim\ t curves for the tested HSLA steels 

show, in general, low forming potentials, pred~cfing, 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 sulphide inclusions. 

The stretch-bend test was developed for the evaluation of 

the formability of lighter gauge HSLA steels and for monitor-
• 

ing the effect of inclusion control techniques on the trans-
- (14) verse ductility , . In this test, schematically shown in 

~~gure IB, 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 the compressive 

stress, while in between, there exists a neutral surface of 

.: . 



CI.AMPING 

SPECIMEN 

.,-' , ,', 
PUNCH I 

I 
I , 

\ I, , .-

." 

~ --- ---'--

PUNCH NOSE RADIUS, r 

I ' 3 7/8" , I 

,/ 

Fig.18. 

-

\ 

------

• 

.. 

. h, ' 

PUNCH 
'TRAVEl. 

. ------ ' . 

.j>. 
VI, 

. ... -

• '--

. 



~ .. '. 
\ 44 -

unstrained fibres. As the test progresses, the outer surface 
. ..' . 

remains in 1;ension. - The in~ersurface-compressive strdn con-

tinuously decreases.Eve~tually,it becomes a. tensile strain-, 

- when the neutral surface coincides wi th the innersp-ecimen 

surface. _ Beyond this point; both major surface strain are-

~ 

- - -
tensile and increase raplidy, approaching each other-. _ In-

order to measure strains, a circular grid_pattern was printed 

on both surfaces of the sample, using the photoresist technique. 

The ends of the sample were rigidly clamped. A light film of \ --

_ multi-purpose E. P. gear oil, SAE 140 was applied on both sides ~ 

of a 0.003" thick polyethylene sheet and this sheet wasplaced-

on the test piece over the area 'of-contact with the punch. 

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

0.5 in/min. An autographic plot of .. punch load versus punch 

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

in Figure 19. 

Using larger radius punches, a gradual shattering and 

slight' decrease were, observed on the punch load - punch travel 

plot Just before fracture and sudden load drop. 

Using the smaller punches, the sharp load drop immedi

ately foll~the maximum load, as indicated in Figure 19. 
- /' 

It was observed that, 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. In this test three radiussed punches 3/16", 

3/8" and 3/4" were employed. The results of this experiment 
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presented 
. 

are in Table VI and }i'igu.re 20, 

'As'seen from the results, the stretch-bend test.gives.a 
". \. .' 

good correlation with the forming characte:dsti~sand the 
-'. 

ductility observed in the other experimen.ts. It has Deen a 

very sensitive method of evaluating the transverse formability 

. and .the .effectiveness of sulphide shape control. The. strain-

ing process is concentrated on the intersection of the trans

verse and longitl.ldinal axis of symmetry and failure originates 

here on the outeJ." surface, spreading through the sample along·' 

a locii of velocity discontinuities. 

Metallogr~phic studies of the failure under streth-bend 

conditions are discussed in the next chapter. 

,Thus, in general, the forming potential of/these complex. 

materiais is influenced not only by non-metallic incluSions, 

but also by the presence of hard, rigid, non-deformable phases 

such as MfA constituents in the Molyco~ X-SO, 5/S" 
/ . , 

Also, in the materials such ·as Ipsco 3/.S'; at a low fin

ishing temperature, the work-hardening 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, favorable 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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Material 

INa> 7f!7 
1/2" 

Orientation '. 
Ielative 

toR!) 

parallel 
toR!) 

pe~ndicular 
toR!) 

parallel 
toR!) 

~ndicular 
toR!) 

parallel 
toR!) 

perpendicular 
to R!) 

parallel 
toR!) 

perpendicular 
toR!) 

N/A - Not Available 

• 

TABLE VI , 

STRETCH-BEND TEST 

Punch Radius R = 3/16" 
Ratio RIT = 0.906 

0.94-

0.00. 

0.98 

N/A 

0.99 

0.96 

1.08 

1.05 

"\ 

--

q 

/< l' 
Punch Radius R';'.fS/8" 

Ratio R/T = 1.812 
, 

1.00 .t-

1.05 

1.10 

N/A 

1.17 

1.17 

1.23 

1.25 ---

Punch Radius R ,. 3/4" 
Ratio-R/T = 3.624 

1.32 

1.29 

1.28 . '. 

N/A 

1.39 , -

1.37 . 

1.48 

1.45 

" 

Strain 
Hardening- -

- Index -
n 

0._125 

0.125 _ 

0.155 

'0.145 

0.135 

--0.140 

0.160 

0.165 
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" CHAPTER 5 

" METALLOGRAPHIC STUDIES OF FAILURE 

As stated earlier "in the metallographic section,the 

HSLA steels used ill the" pres"~nt work exhibit a wide range of 

microstructural features such as: 
! 

-"inclusio~s 

- grain"size and shape 

ferrite morphology 
/ 

- carbide distribution .. 
presence of MIA constituents. 

In this chapter, an effort is made to relate the process of 

failure in various stress states to detailed microstructural 
Q 

features. In order to clarify this, the discussion is , 
: 

divided into sections dealing with: 

1) Failur~mechanisms in uniaxial tensile tests 

2) Failure mechanisms in biaxial tension 

3) Failure mechanisms in stretch-bend tests. 

The characterization of failure modes of HSLA steels 

49: 

under different stress states and their relationship to micro

s"tructural 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 



/' 

,/ 
50 

becomes critical, failure can 'ensue :i.n the, region of localize,j 

plastic 'strain. 

'As a result of microstructural features of the tested 

HSLA steels, 'po,ssible failure mechanisms could involve: 

a) ioeal brittle failure,of non-metallic inclusions or 

hard, rigid phases, 

b) void formation at the ,interface between hard phases 

and the matrix, 

c) 'void . formation in intensively deformed shear bands, 

d) void growth and jOining, \ 
e) delamination alongweu planes, and 

f) failure by localized shear; 

In some cases a number of failure modes may be involved in 

final'ai~ure mechanism, but often, as a result of com-the 

petition between them, some of the failure modes are very 
(, 

pronounced. A more detailed description of the failure 

mechanisms and. their relation to the microstructural features 

is given in this chapter. 

1) FAILURE MECHANISMS IN UNIAXIAL TENSILE TESTS 

Introduction 

'The 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 of maximum shear stress. This type of failure leaves , 

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

process is void 

, 
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growth a'pd linkage, which are, spread over ,a large volunie of 

material.' When the critical conditions for localized shear 

are reached, relaxation or unlollding of the system occurs by 
J . .. 

the formation of localized' shear bands; which have a very high 

propogation rate through the m~terial. The overall ductility 
/ 

or strain to failure. is a function of the failur~ 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 
. ". . ~. 

hardening rate and the strain ,~ate sensitivity. In 
, \ 

" work-
. .:::' 

systems 

with a negative strain rate sensitivity and and an inhomogen

eous strain distribution,the sites with a high~r strain rate 

(due to reduction in locai work-hardening capacity) could 

become origins for the formation of ,localized shear bands at 

low overall strain. 

In the competition between continuing plasticity and 

voiding at th'e particle-matrix interface, Argon et al (15) 
, 

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 distributed, 

the strain to cause voiding 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 dlstributlon and local spacin:g of the -particles. 



/' 

An elementary treatment of. the influence of microstruc-

tural. parameter,s on the process of void growth, is shown in 

the geometrical model, Figure 21, proposed by Brown and 

Embury(16), : .In this model, they indicated that the growth 

52 

strain, Eg , should be related to the inverse square of the 

volume fraction of inclusions and -second phase particles, and 

is rel~tively insensitive to the inclusion size. However, 

size, shape and particularly distribution of the inclusions,· 

as mentioned earlier, seem to have an important effect oIt the 

10c~1 work-hardening rate and strain distribution during ~oid 
~ 

growth, and on the strain .localization during the void linkage· 

process. I 
In general, in HSLA steels the delamination failure mode 

• 
is often found, particularly in the steels with a 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(17) have sug-
• 

gested that a strong (100) texture component in the rolling 

plane could be responsible for delamination by cleavage 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 MnS, as observed in Ipsco 3/8", 

while in a very clean steel, delamination failure occurs along 

the ferrite grain boundaries. Her~ at al(7) explained this 

. .'.' . 
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by the presence of grain boundary cementite. They suggested 
I " 

54~' 

that the failure mechani~m involved nucleation and growth of ' 

voids at 'the grain' bou'ndary carbides, and' thl?ir' linking under 

the action o"f the t1i&sver~e stresses de'veloped in the neck. 

Results of this Study 

In this work, an effort was'l!1ade to characterize the 
, ,I", 

failure modes for the tested materials, and were it was'pos-

Sible, to relate this fo the microstructural features. 
. :. 

Careful optical metallography and Scanning Electron 
@ 

Microscopy (in text SEM) were employed, and, in order to pre-
-.... 

serve fracture edges, in some cases t.he fracture surfaces 

were n~kel-plated prior to mounting and polishing. 

In the Ipsco 3/8" tensile sample, Figure, 22, the usual 

cup-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 uccurs 

prior to complete failure by shear, as shown in Figure 22. 

It was found that all the voiding 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 ~ther HSLA.steels, where desulphuriza

t10n 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 ob~erved. In these cases, some 

other microstructural features have a marked influence on the 
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fracture properties. ,'Some authors (18 ,19), have emphasized 

the importance of the melting'practicein'the'controlof 

volume fracitio~" distributi~n and nature of oxide, particle.s. 

In additiontoomdes, an1mportlintlfreatur~ in low sulphur~ , 

low "carbon HSLA s,!;eels appears to be the presence o,l large 

/" 

amounts of ~arte~s,;l.Uc and reta~neda\i'liiteni t ic( 14.1 A)aggrega tes(20). 
, " \ ' ..... . . ' 

Careful'metailographic studies of deformed samp1essbow that 

these I4.IA constituents, distributed as islands, ,act as 'void 
" . ."' 

nucleation sites in ductile .failure, Figure 23., .. These non-

fe~C-C-Phases act as ~igi-d inclusions,reducing the ductility 
~ 

and producing local internal stresses, which have an inn uence, 

on the homogeneity of the now .pr~cesses. .. 
< The' critical conditions for shear, band formation and 

/" ." 
propogationarereached at low plastic strains. This leads 

to the catastropic~fraciture by shear ... This is not expected 

in thea.a type.s of HSLA steels sinoe they are very olean, 

ha,:ing very low non-metalli,ci .inolusions. Tensile samples 
~ .. . " 

which. failed by this 'mechanism exhibit a very small cup 

region (if at all) and show verY,large shear lips. 

---During the failure pro~ess by shear, there are often 

seconda'ry shear bands, associated wi th the fracture. -These 

bands do not totally penetrate the sample and are usually 

representative of the main fraoture mode. An example of such 

a.shear-band is shown in Figure 24. In this case, in the 

shear band, produoed between two large voids', and parallel to 

the major fracture surface, the shear strain, y, is of the 

order of 1. Rela.ti vely li ttle theoretioal work has been done 
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better Uriderst~ding' of·tbese complex processes ~ould give the 
. I . . 

answer to· many q'uestions 

s,trength materials, su 

As evidence 

ductllity',of the high.· 

steels tested in this work. 

ailure proc~ss by shear is very· 

common in almost all t:,o:pes' of HSLAsttels, under,different 

'stress conditions, a nu~ber of. micrographs and fractographs .. 

. will be discussed. 

As mentioned earlier,only the fracture surfac~'for the 

Ipsco.material could be classified'as cup-and-cone,type, 

accompanied.by delamination along MnS ·inclusions~ 
.' . !. 

For MolycorpX-:80 ,1/4" plate,. in the neck region, aft~r· 

delamination along the pe~rlite bands, fracture· occurred 

mostly by shear of separate fragments, such as one shown in 
. .-, 

Figure 25. 

For MolycorpX-80, 5/8" plate and INCO 787,1/2" plate, 
, . 

the failure mechanisms can be discussed together; Optical 

micrographs of the cross-section along the tensile sample and 

across the fracture surfaoe, and SEM fractographs are s~own 

in Figure 26 and Figure 24. 
(;-:' 

As discussed earlier, after void nucleation at hard 

partioles and their growth, the tensile sample tails by oata

strophio shear along the planes of maximum shear stress. This 

produces a characteristio fracture appearanoe - the rather 

uniformly ordered array of elongated dimples oriented parallel 

to a single direotion as a result of the deformation in the 
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.. shear band. The micrograpi} of the. tensile Molycrop X-80, 5/8" 
, . 

samplei~ FiglU'e 24 shows that,· well within the neck, the. 

shear. band segments. are short and in a zig-zag \attern, to 

avoid moving very far' fro'lL the most highly. stresses region of· 
, . 

.. the materiaL For the INCO 787 tensilElsample,with better 

strain. distribution in the diffuse neck'; the· band segments are· 

longer. The.· SEMfril.ctograph in Figure 27· shows th~ inter,.. 

section of two shear bands. 

2) FAILUREMECHANISIdS IN BIAXIAL TENSION 

In order to determin.e the influence, of the .stress states 
jf 

on the fracture appearance in HSLA steels, the samples used 

for the determination of the. Forming Limit Diagram, were care-
I . 

. fully examined in the SEM.· The fracture· appearance of some 

biaxial str.etched samples is shown in Figure 28. 

Due to major microstructural differences, the ··attention 

is confined to the Ipsco 3/8" and Molycorp X-80" 5/8", which 
~ '.\ 

are taken to be representative of the various types of the 

materials used. 

Due to the lower forming potential in the transverse 

. . 

direction, after, in-plane splitting along elongated inclu- I --
\. . . 

sions, the Ipsco s~mple fails along the rolling. direction. 
, 

The SEM fractograp~ clearly shows extensive splitting along ..... ,!It 
I "~ 

MnS inclusions. ~ 

In Molycorp X-80, 5/8" balanced b1D.xially stretohed 

sample, voiding occurred at hard phas\s, followed by shear 

fnilure, propogating usually from the central region in three 
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directions, as indicated in Figure 28. Again in this test, 

catastrophic shear failure occurred at relatively low strain. 
. 0: 

The !iimples are small indicating that very little. void growth· 

. iOOk place before shear. occurred .. 

/ 
3) FAILURE MECHANISMS IN STRETCH-BEND TEST 

'" o 

. At ·the more complex stress state, in· the stretch-b,end 

test, with a strain gradient, through the .thickness, the void 

nucleation occurs at the interface between the hard transform-

ation products and the ferrite, Due to the. highest tensile 

strain,fracture initiates at ~he centre of the ,outer surface 
- . \.. . '\ ' 

as shown in Figure 29" Similarly to the failure mechanisms 

discussed ~arlier, islands, cQnsisting of martensite-retained 

austenite become highly damaged.at relatively small strain 

due to the accumulation of the strain at the boundaries. 

These damaged regions full 'of small microcracks and voids, 

'later link by localized shear along the locii of ,planes of 

the maximum shear stress. Linkage occurs at relatively small 

overall oraok-opening displacements (or strains). 

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 30 - an 

SEM micrograph of Molycorp X-80, 5/8" stretch-bend sample. 

~n Ipsc03/8" material, in stretch-bend tests, an impor-

tant role is played by the orientation of the large 

gated inclusions. 
-, 

In the case where the inclu~ions 

and elon-

are \ 

oriented in the tensile direction of the test, spli t.ting along 

. , 
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the inclusions first takes' place,due to the development of 

the triaxial"-stress-state. 'At higher strains void'nucleation 

at the hard phases is' fO;l:lowed by linkage of the'most damaged 

,regions. In this case" the alr.eady' PI'esent' .delamination could . . . 
stop propagating shear band,' or change its orientation from 

one plane to anoth~r, as 'shown in Figure 31. 

" i After careful· examination of the failure mechanisms in 

the stretch-bend test, it was found that during deformation 

at the boundaries between the hard regions present in HSLI\ 

steels and_the relatively soft fer~ite matrix, damage accumu-

1 ":.tes , producing large voi~S an(l cra1!ks, which at critical 
~ 

conditions" link by localized ·shear. ,As the small' cracks 
4 '.~ ,I ' 

open, these hard regions, if damaged e~ough, 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 process in HSL~ steels' can be 

considered as consisting of the following steps: 

of 

, 
1) Local, brittle fracture of non-metallic inclusions 

or hard-rigid phases, such as MIA microconstituents 

or carbides. 

2) Void nucleation on hard particles. 

3) Void growth and joining at higher strains. 
, ' 

4) Delamination along oertain planes. 

5) Failure by localiz~d shear, When the oritioal oondi

tions for shear-band formation are satisfied. 

The numbeI' of oracks nuoleated by the brittle fraoture 

hard particles is direotly proportional to the volume 
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trac'tio!iotaucll Pha~~a',\ExamPiesot theseh .. rc1pairticJ.e~ 
.. ,' 

.' " ," , . 
. ' ,are: . - .. 

/ 

a) '.' non-meta,iuc inQi\l~iOnS, . . ". 
b) carbides,and 

'c) c~lex M;A~on.li~ituents,· .... ~. 
, ' .. ~ " . . 

, 
'IpsClo'Steel, '.' The ca~bides ,e.peciallY at Irain boundaries, . 

· a~tect<all' the steelai,.· In.materials· isuch~aM~l1.corp X-SO; 

where' c1esulphurilllat1ou anc1sulPhide shape' control. reduce the.· 

etfe.ct ot au1Phi~~".·thecomple~ MIA co~at!tuents &reth •. 

. important hardparUclea,' 
~. . . 

\ 
\ . In' a. ductU.traQture~ the nucleation and lrowth' ot '. 

, . 

. ' voids, desoribed e.arlier,' 'i~terms 'ot a .£mpleleometrical· 

: .model, stronlly. depend·on. \f~iume tracu~~ ~t·h':rdPa~Uclea .•... 

• 

Th'e eQuaUonexpre •• 1nltherelat1onship b~twe.n the Irowth' 

· strain to .. -
c· -, I 

tri.ctureand the volume 

<i)i t-i ',;. i'/" 

traction of;harc1 p~rUclel!l 
. , 

shcws that .increaainlth.amount 'ot incluliions will cau.e a/ 

reducUon in the true .traintofracture,' 
. . ,.". " . ' . .' 

.. -A. indicatedin.thenhntur.(18)· " the strain to :fall-.. . '.' .' ..... . '. 

Go ura, ct : .1lnde~ adefin.d .tr •••.• tat •• hould ber .. lahd. quan-
_ '. t· .' ", I. ' v 

Ut&Uv.ly in.ome ·forrntothe. volume .traction·of includon. 

pre.ent in the material, .' Anatte~t was made to relate . the . 
..' .... .'. '.' .... .... .' .. ' .... ' . 

. . volumetracUon otthellon-Di.t .. 1Uc inclusionstoct tor the 

.. 

te.t.od HSLA .• teols,Ushowed clearly tbat thematnia:lwith ' 

· the lower volume fuction of non-metallic inolusions lave the., .. . . . .' ," -. ~.-, 

um,,! ~r . lower C; ... tlie.other ma.t.rials, Thill indioatesthat 
. t. 

~." . ", 
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of thelit.rd,M/A constituenta haa to be conSidered ina'dcliUon " . ..,. .' "' .. 

·to. the other illcluai~na •. ; •.. .-
. ~ .. " . 

' .. 
.< 

Aa diacuaaeC1 earl1er,deialilinaUon ,a cominonly fcrund' 

"""-"'~ ·'-r.1lUr~mode1nHSLAateelaf occuraat a relatively url~ 
'. . .•.....•. atge of .~heddormation·;·InIPaco'SI8"·mll.terial with a hirh 

. ~.~'~ .. ' content,. dOhm~n&UOnhllUre~riaeadu" to·the.pre- .• •·.·. < 

.'. . ... aence of ·UnBatrinrera and ct.rbidea alonrthe rrdn bounda-·. 

\ 

. . . 

riea. On the otherh&nd ,in MolycorpX";80, ]./4'; thick plate, 

with & lowaulphurcontent &nd. rareel.rthaddit1ona,· delamin-

.. &tiona are found to be interrrt.nU1&r tear fr&cturea, PArAllel 

to .&ro~iinr phne: AQ~ordinrto Hertl et~1(7) , thiais due' .' 

tothepr.cipihUonof.ce~entiteon the. ferrUer~dnboun-

'.' d&riea,' wh"e bt.ndinr'cionaist:lnr ofpearl1te t.nd c&rbldes 

was. observed. Molycorp X-80, &/8';p1& te did not d1aplayde- -II 

. lamination ;.. .Thlscould .be·· expldnedln terms of. inlcrostruc~· 
t'ur&l differences; 'As d1acuss.d .. -"thls material contAinscom-

. plexU/Aconsutuentar&therthanpearl.lte andcemefltlte. 

Asa ren~ral~d -~au~lly unai:r..llure mode bth~ t.ested .. ' 
. . . . .... / .... .... .. ..... . 

HSLAsteela, ,shet.r s.ema. to have the moat . Important . role •. 

This mO.deof loc&l1z&Uon of Pl ... tic strain andfrt.cture ·lnl

Uat.lonh ... ,l bee~ pt.rtlY ·1nveSu.I&tedbuts~tll, .thecr1 tical'· 

;condition_tor sh ... r band (ahear;cr&ck) . nucle.ationan~propo- .... 

I&Uont.renot·well underatood. '. Fram therasulta·:d1acuaaed 
.' ." . ..,,- ...... ...... .. . ". . 

OIlrl1er In. th:la work, :ltw ... obaerv.odthat.ln contral-~ll.d 
.' .... ... ' ... .' '. . . .... . 

HSLA ateelaw'1th II. lowincluaioncontent andrus earth treat-. . . " . 

mant, ,low strdns. to fallure~r.tound tOb~:,dl1e to t~.rela-· 
" 

.' ,r '. 
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tiyely .eailY~C,tiv&tionof .t,heShear<?-Uure mode, ." In this 
.',," .. 

'. '" oase. the .critical condi tionsfor' the' formation andoatastrophiQ.·· 

. ' 

propagation of' unstable shear bands are reach~d at an early . 

..• stage of the. deformation , . As~xph.ined· earlier. the complex 
~. .~" 

M/ A regio,ns with reaidualat reeses in, their ,vicinitY.i behave 
'.' " '. '.' '. ;, .. . . " . . :',"" 

as larse; hard.inolusions in the soft'~ma:trix" Durinrdetorma-

· tion, . these· regions become hishlydamased' (F1sure30), 

Cracks and voids ,nucleated in those 'reg10.nacoritinue to grow', 

~ue to,the~ela.tivelY larsevolumeJof. d~aged material •. the' '. 

work';'ha.rdeniilg capacity of the matrb i. reduced, . This 'leads .' 

· to the formation of unstable band~ i~ the planes o't reduced 

.. ,work~har.deninr. capacity and "high 'shear st.ress, . As shown in' , ' '..' " , - -, .. 

. Fisure . 30 and Fisure, 33 .• 'the'shear banda are' ~orllied. along ., .. 

· the lOQUof velocity diacontinuities, and betWeen auch highly, . ' . . .' ;, . 

\' damaged regions or voids, The velocity of the shear band 

increases as the length increaseri, .' DUe to the highly local..; 

. '. iZed deformation within the band. new 'void~ : are formed prior; . .. . .' . ".'. '.~ 

to .complete separation .. Thus. the p~sence of hard, complex. 

HI A ,regions. aeema to hAve a , major eUectonthe atrain' lool.l-' 

ization And development of unstable ahearfaUure at,...a.n early 

'st~sein'the deformationhiatt\ry, 
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, CHAPTERS 

REVERSE STRAINING AND THE, QAUSCHINGER EFFECT 

, It was reportedUrlitby ~auisobinger in 1882 that all ," 
, " ,/, '0 , ',' ,',' , 
metale and alloys, atterplastiodeformation, have a 'higher . . - . ' " .' . ~ 

"',y1~ld s,tre8s in, the di~eoUon of the ini t1al ' deformation' 
, , , ,/" " " ' ,-:' ,', " , ,'" ' -

th~nin thereverae direoUon(21); 'This phenomena is of "grea.t 
. " ,.' ,. -., ' " '. '. , . '. '. 

imp'ortanoe in pra.otioe ,partioularly in oases, where designs 
.', .'. " 

are ,based on the yieldatrength ,and materials ar,e subje,oted 

':t~' reverse deformation. 
, ~. 

Although 'this phenomenon' has been reoognized for a long 

tillie" oomparaU ve,ly 11 ttle work haa bee!'" dcme to de:t:l.ne the 
. . . . '-

"influenoe ~f ,J;lado miorostruottira.l Yeature~on the magnitude,' 
, ,\ I . 

of the Bauaohinger Efteot(BE) in:i'industrially important' 
. ," ", ~ .. 

materials. , 

Preae~tly, mostindustr1a.l dedgnJ~are,ba.eedon the 

i: 

yield strength of, the starting materialSIl'i'iorto~t~~ 
This is' oftendu~todUf1OUlue:s in 'mon1toring ohangesin . ," " ' ' . .' - '.' . 

'the yield atrength of theoomponenta during forming. Howe ... er,' 

", ,the presenoeof 'the BE partioularlylri mioroatruoturallY oom-. " 

."Ple~ materials,r •• ulta inmarked.ot:lanle.oftbe yield atrength 

.' ~t<~iUtmaterii.ls1n eaoh part ofthepr~duotion sequenoe. C"on':' 
" - . , " ", . ...... . 

~,~quentlY, ',cOmplete oharaoterization of the_ and an undar- ., " . 
"0" • 

\ .. '". " . , 

, ' 

:. ':. . :" 
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,st,anding, ,of the microstruotural', features fnfluelicing1 ts DIILg .. ' 

.' ni tudebeciome very iIllP~rt':ntandvi.luable ,factors in p~actice.' 
This has great importance in ,thefabri~ationof hi,ghatrength' ' 

, ,,' , ' , ' ' ,,' ? , 

'mateda~s such as in pipe .. formini. where any reduction ina 

Bauschi!lKer loss (the difference. in the flow stress in' forward 

and re'j~r,e 'directions of straining) 'W~Uld lead to mo~e eft! .. 

~ient designs. betterfabric~t1ng procedures or change. in 

'methods ofniaterialspeciUcation.', 

It'istheobjective.ofthepresent work to. investigate 

some factors that- maYj'.influence the marnitude'ot. the BE in 
" ",~ ," , ' 

HSLA steels.' ' Tile investigationhascions1dered the 'following " 

problems: ' 

, a) The ·study-"'ofthe. dependence of theBE on~he extent 

'of theforwt.rd plastic strain.cp ' 

:, b) The study of theBE as a f~nction of, the dii-ection 

of straining with re8P~~t to the.i~ll1ng',direction. 

i.e. its relation to the planar anisotropy, of the 

materials. 

<,l)The study of the BE as a function of, the initial 
.. -,_ ..... :....... ... . 

., , . 

", aense of ,deformation (initial straining in tendon 

followed by compression orccmpreaaion followed by 

, tension) • 

Quantitative nie,asurem,ntaof the,BE and it,. ,dependence 

on t~e variables outlined ,above have been done on two types ' 

oi HSLA .teels~ M6'lycorp X':'SO'; S/8".nd Ipaco 3/S" in both-
." • .' •••• " < • 

" ,.a .. recei ved and annealed conditions; ':'. 

;Forclari ty of pre.entt.tion .,thediscu.a1~ i. divided, 

. ':. 

• 0 .' 

;.-' 



. " .. 
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'. 

, . 

. into ·sections: dealing with:· 
/' .. . 

. 1) Theorot1cB.laspectsdftheBE, 
. .. :.. .. - - . -, 

. 2) Factors influencing the BE ... 

3) Methods of measuring the BE. 
.. J.'.. ... ,. .. . .. 

·4) Expehmental details .. 

5) Experimental results.' 

. . 

.> 

1) THEORETICAL· ASPECTS OF THE BAUSCH INGER EFFECT 

.'. 'I . 

78 

\ 

, \ 
. ~ , . 

It the direction of straining duioing'plastiodetormatfon . ' . ~ . . 

of metais and ':llloys:1S 'reversed.·some, part of, the, work

hardeni'ng.· developed in th'e first mode ofstrdning is lost 
. '- ..' .. ' . , -.' '. --

iri·the reverse straining. ,due to'the presence of· the BE. ,- ... . , 

Generally. the BE is expla'inedin terms of the action of 

. elastic bacl( stresses. develop~d in the material during . in':" 

homogeneous plasticdeforma,tion in one direction •. or during 

, local phase transformation. These back stresses oppose· 

. fUrther deformation in' the forward direotion but· aid it in.· , ,. 

the reverse direction. 
. , 

In a plastically deformed matrix containing strong. 

risid partioles, tho particles aot as a barrier todislooa

tiona durins deformation and dislocation loopaare built up 

·Around theparticlea ,which ·su:t:ter purqly e.laatic'stra.1n. 
. . 

, Theelaati'c stress thus produced is.· of course • in a, sense . ,- - , 

.. to help the plastic detormationin a reverse direction. 
" '.. 

",.' . 
Brown and Stobbs(22) have produced a model to relate .... -

. /' . the magnitude ot tho BEi:o the scale ot' tho .m:l.cl'ostructur&i.l 
/. 

foatures such as· volume traction and Size ot .l1eoondphase .' ' 

~~ ",'. 

" 

. ,. 



. , 
> •• " • 

. "" . . '. '~ • 
...... : 

,--, : 79 
, / 

~; . 

particlefJ.l4ld the mllgni tud& of the prest,rdn, for two phase 
. .)' 

-~ 

,materials, .withno red,dual stresses pri~r to' the initial 

straining. They ,introduced an image stress whic~ is produced 

by misfits due to differen,.ces in the ,degree ,of deformation in 
• . y . 

the matrix and in the particles. With theassumptio'n"that 
. , .-. 

the flow stress consists cif three a:dd1t~vecomponents: an 
. . . . 

Orowan' stress, (ero) ,aforest hal'deningstress (Ofor) and ,a 

back,stress (Oback). they predict ,a flow stress in the form: / 
. . . \ 

, ' , , ,', ' \ ' 

° .. 00+,I! allV~ (8bl:p)t+ a~Vf (a?~br)'f. (8b
R
Cp)t (1) 

," lIr ' "P' 11 , 

where a is II. ccinstant of the order 0.2-0.3. 
., . . 

This model provides the most' quanti tat1ve, t'reatmentfor 

the problem of work-hardening in mllter1alsYli th hard sPherical' 
, , " " ' " 

puticlesin II. soft matrix. They do not condder the e~fect " 
, , , 

of particle' shape ill their calculations. However, the I!\ater-

ial often contains complex-shaped particles and, residual 

stresses which also ,affect the flow process. 'This is partic-

ularly important at small plastic strains., . 

, Following the model of' Brown and Stobbs" Ibrahim and 

Embury(23) developed an approximate model' which treats the ' 

" magni tude of the forward and reverse flow stresses. As mea-, 

surem"nts of the BE must' reflect the magnitude of the back 

stresses, ' they attempted, to define "II. parameter'~ whi,ch in

vcilves the baok stress., For both sinnle~ and two-phase'mllter-
/ 

ials, they apprOXimate' the forw,:r~,f~ow8tr~8s of as the 

lineAr aum ,of: 
, / ' 

OF -ro + 0ior+·oB 

, , 
."." 

(2) 



, , ( 
, , " 

\ 

. : . 
. ': 

where 

. 00 is an ' initial yield stress (a friotion streasin' 
. '- ... 

sin11e-Phase or an Orowan stress in ,two~phasemateriala). 

0for is,oon,tribution of' the~ore8t hardeninl'; an~ 

80 

0S'is'abaok stress 

the 6bstaoleswhioh tend 

due to elastio stresses supported by 

tolLid,reverse plastic flow. 

Assuminl that 00 and 0for:are symmetrioai in ,their action ~ 

with respect to both forward and'reverae def9rmation; only Os 

, is polarized and"will aot to, help reverse'flow. ao that the 

reverse yield stresa oR can be expressed ~B:, 
/...... ' .. 

oR -'°0 + 0for'-,oS (3) . \", 
,From Eqa. (2) and,(3) we have: 

OF - OR- 20S (4) 

.Di vidinlboth sides of Eq. (4) by the total amount of work-

hardeninl, we let: 

OF - OR -, OF - 00 OF - 00 
a SEP (e) 

, , 

Thia expreal!l1on (e),ia then called the Sauaohinger Effect 

Parameter (SEP). 'which Ibrahim and Embury(23) dttfined aa "the , . 

,reversible fraotion 'of work-hardeninl". ,i. e. ,twice the frao

tion of total work-hardeninl due to the back atresa; ',Hence; 
o 

the SEP. ·is ,not, a direot indioation of the local value of Os 

. in the' vicinity' of aome plaatic inhomOlenei ty such &8' aecond 

phaae particle,a ,and i}t cnly 
... ,. . . 

the total work-harden in I due 

Followinl' ,work by Brown 

oould beexpr'eas.d aa: . ,. , 

", '. 

a meaaure, of the 

to elastic back 

and Stobbi.(22), 

, .. 
~ 

fraction of 
1J. 

strees. 

0for and °B 

.. 

f" 

.. -...... 



c' 

and 

, , 

"1 Cl 
- ' '+ C _-r '2' 

,DJ:it" V" ' 
f 

, as' --" afor csvt 
, , 

. 

. , 

(6) 

(7) 

, . 
(8) , 

1 
(9r, 

:From these equations, the BEP should be independent of 

,the extentoi the forward strain, but isdepen'dent on the' 
. . .' , . 

choice ~f aR and ,aO ,parameters •. Theratic ,between' the e,lastic, 

back stress and the forest hardenini ,term is proportional to 

the square'root of the volume fraction of hal('d particles. 

These relationships have. been inve~tiiated by OIbrahim(24) 
" 

for a ranie of steels, and hie results are ahown in Fiiure,a SIS 

and S8. 

In this simple model the BEP ,1e very lliensitive to the' 

Val"U'eof aO 'used. Thill ,is particularly rmpo~,tant If~,; material •. 
" 

which ahow IL- Stress-Differential effeot (S~D).Tbi •• tre •• '1. , \ 

the occurrence of different initial ,yield streasesin tendon' . 
, , . ,. ' 

and -pompreasion. ,As reported\S~), posa1blesouroe. of the' S':D 

"'effoot oould be the presencie ofrosidual.tres ••• oaused b~n 

a) tho, expan ___ ion that aooompanie. tho austenite toinarten-

sit. tran.formation, " 
I 

, b) 
I, 

thermaliradie'nta durini '-ooo11n;, 

0) deformation at low temporaturo.;, .. , 

" Ba.edon' ihe data; reportod in the .lheratu~.13~), the S-D eUeat 
. " ~ .. , ., 

//"-. 
, ' 

.. ,. J 
! 

'/ "" ',', 

, , 

/' 
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'. aeema-t,o be'll;reatea~-tor a .m1crcuitructure c~n.iatin~otweak .~. / 

: 

. 

terri te and atronlmarten,aUe. i Thia.ia,a very iinpprtant,factor 

tor thea,ccurate deteminlrUon ot the. SEP in HSLA"teei. whi"ch 
\. . .' .. '. ". . .. 

are uauallycompoaild .ot·.mixture ot aottandhardphaaea • 

... ,-
, 

. . :, 

. 

" 

: 

/ 

( 
'. 

\ i 

o. 

I 

. 

. . 

\ 

> 

'\ 

.. ) 

~ 

· 

• 

. I , 

/ 

\. , ."-... 
'-~ 

" 

o 

, . 

~ ", 

. . 

t 

• 0 

" . 
" , 

i 
\. 

./ , ,. , 
I 

L f \ • 

. , , . · / .. 

. ."1 
J .' 



\ 
( , 

/ 

I, 
'I':;; , 

II" • I r ' . ,,' , 

I " I>" " • ' I 61 '1' "J, 

: 'I 

.• "'I': 
5 

./ 

, 
/ 

• , , '..,. 
, ' 

-II 

" 

a. 
w 

4 

CD 3 
...... 

2 

Fig. 35. 

,---- --.,---

, 
\I?Q«".~ 

~ \1~1t., 
~fQ'" 

~'>C 
., O· , 

" ~ O:~5 \ fi"~ , 
\ I eE~ 'c:::l 0.4 ' ' 

/ v 
p 

// 
" 

. 

/;' 

" 

. ; 

" .' 

: ;' 

I 
/: 

, , 

, 

, 
", 

, , 

, 

" , 

.":. 

", 

" ,. 
I : -~ . 

'.',i , 
, ! 

J. 

.. 
" , 

i' ,- . 

f'I," ' 
~!, 
,j 

'" ",' 
.~-

" ' 

·f 
, " 

: '(~~"': 

I 

"/ 

! 
i " I ' ' 

" r 
, ",. , 

/
", , 

, , 
, . 

/: "'<ri 
I 

( , ( ( (;-- "",Il 
I ,'. 2' '3' ,,4, 5-----,- 6 '78/,' 

Relationship between' aip}'rid 1~2 fO'l~ ~2.'steel: ' Ref ~ 24:/' ,'~ " ,. 
'f ' " /' 

/' 



_ .. ."_-:":" ~.-, ----.....;., '.'-;- .. ~, ...... 

.. 

... 
o 

boo. 

" Ql 
b 

, i' '--.: 
I 

" , 
< 

'.' 

1.0, i, J J ' , ' , I 

0.8 

0.6 

0.4 

02,1 , 

" 

> 

" 

~,; 
-~ .,,'" \ "" ' , 

",,""" \. 

• /1 ' 

" 

, 

, , 
, 

I 

• 

. 
/ .. 

! 

. ".:.' 

-, 
.-

.' 

4> .\ 
l (1: 

. 
• 

. 
" 

r 

. i·' 
" 

, 
0.0 I I , ," , . . ' I " 

0.1 0.2 "f "2 Q3 ,Q4, , 
, I , ' 

/ , . .rig. 36. Reiati~nship between an/afol ~d tJ-/2 ,for ~ious 
steels, (Ref. 24) - -', 

. f CD 
1/-A 

/ 

/ 
/ 

'/ • • 
I , -

L 

.~MY-l,.t:t:el",,)!"dt .. N.S·.,. .. -. ... ii'ft$(db • 'p T ftC Cane _"",,,,",1.. ___ '" 

: ... 

~'" 

, ' 

.r : . 



-, _ . ... ' .. 

. : .. , .. 
.' . .. ~ , 

'\-. . , 
' .... 

. " 

FACTORS INFLUENCniG THE BAUSCH INGER- .EPFECT .. , . 

i' ........ .' .' '8ever~1 worker~ (22,24,-2~, ~6) i1ave found that . themaini;'; .' 

'~tudeof the back ~'trell., andhonce 'tho BE, '1~creaaell;1t;h i~-~ -- ...... ' . 
. . :.... ., . 

eroasins volume {ractionof riiid particles~. From the data ' 
• 

. shown in Fiiure 37, it can'be seen .that the mainitude of the 

<l ' back stress is directiy' proportional to the . 'volume fraction . . 

;-.. 

of '. second phase patJ;ieles, for asiven' size, shape' and prior· 

. strain. From the datapresent~d in/.Fiiure 33 and Figure 36 
. . 

. for the steels investigat'ed,lIome observations can b.emade. 
t ' . • 

Alineb.r relations~ip 'between ri,~nd ..Jr i~ the ,orm of' 
C . . ,fll . 

. nb - C2 +' -rt can be seen for a range. of steels. Fo:, ste~ls, 
'containing spherical particles" Brown and Stobbs(22) predicted 

I 
values for Cl and C2to be 0'.62 and 0.5., ,resl'ect1Vely I while 

Ibrahim(24) dei1n~d Cl ;0 0.3~ andC2- 0.4 for carbon steels 

containing nonspherical particles of roughly the same lamellar 
D ' • 

shape. The results show that materials containing plate-like 

particle's exhibit very high back stress; for example I the ' 

cementite lamellar in pearlite steels. An influence of the • 

shape of hard particles'on the magnitude of the BEP was inves

tigated in this work for a eutectoid steel (1085) and the re

sults are shown in Figure 38. 

Jamieson and Hood(27) showed that changes in the grain 

size do not significantly influence the magnitude of the BE 

in HSLA steels, as shown in Figure 3g. 
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3) METHODS OF MEASUnINOTHE BAUSCIIINGER EF.'geT 

Anumborot l1u~horsC.28,29.'30~~3) . hayeproposed .. . -' ~ .. 

:met,hods to'r doscr1bing ,the BE" such as : 
. . . . ... -

/ 

11) Tho [l1\u.~chini:orStress: -representing the di,f,terenco .. .. . .... 
. between .yield stresses in forward and rovorse detorm

. 'ation (Polako~skt (28». '. , 

b) The S'auschinger Strain: -defined itS the amount ot .. . 
strain' roquired to ra'ise the stress level in the 

reveree direction to that of the forward direction 

(Figuro 40) (Buckley and Entwistlo(29) ). 
. TF _ TR 

c) The IDlluschinger Effect Factor: -,in the form ..,;;.~....:;; 
TF , 

whe~eTF is the flo~ stres~ att~~~certain amount of 
.t" 

ptestrl1in, and Tn is the yield etross in the reverse 

direction (pr0l'osed by JlI.niche at al.( 30». 

'd) The Bauschinger Effoct Parameter: -defined as "the ,--. "l 
, 

reversible fraction of work-hardening" (proposed by 

Ibrah~m 'and Emb~ry(23», This pa~ameter will be used 

throughout my investigation to account for the magn.1-

tude of the BE in all tho mate~ials studied. Schematic 

diagram showing the method used to evaluate ·the BEP is 

shown in Figure 41. 
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Schematic diagram showing the niethod used to , ~' 

evaluate BEP. -GO W~li estiJIiated by e~traPOl~ting . - .• ' 
" , 

the part of the stress-strain curve co+respond~g 

to homogeneous defo~tion back to zero plastic 

strain using a log-loqplot-
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'4) EXPERIMENTAL DETAILS , ' .f. 

" ' 

, 'and 'anne"aled. condi tions. The chemical' composi tions and metal-

lography of these materials are presented earlier along with 

detailed studies of their-forming properties and failure mech-, 

anisms. 
, , 

From the central region of ' the as-rece,ived plates, and 
i' , ' , 

parallel to specified,directions (with respect to .tho rolling 
, , . 

direction) specimens, shown in 'Figure 42 were machined. In' 

order to eliminate any -surface damage'due to maChi~,g, the 
I ' 

specimen surface was polished. 

All tests were performed on an Instron tensile testing / 

machine using a rig shown in Figure 43 and designed so that: 

i) the change from tension ~o compression was smooth, 

with no delay, and 

ii) the specimen axis could be accurately al~gned along 

the rig axis. 

In order to study the effect of prest rain on the BE, a 

range of strains from 0.005 to 0.07 were used in both tension-

comprossion and compression-tension sequential cycling. Tho 

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

pression) up to a certain strain, usually starting with 0.005 
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strdn, 'lind thon tho dirootion of'iltn'ininsr W"II rovorsod (oom-

· prosd.oh· or tons~on). In this prooo.~. tho umplo wu .tninod_ 

b"o~ from tho forw"rd plutio. doform"tion to tho zoro tot"l -,.. . 

· phatio .trdn, oomplotin!t0ne DEP- loop u showrjl in F!Kuro 44" •• 

In ordor to roduoo' tho. numbor of nmp1011 noodo4t, .tho lI"mo· . -
spooimen w". uled to obtain -tho d"ta' for " '!Vido r"ngo of pro

stnins by sequent-hl oyoling through "" m"ny lIB ton 10.01'11 •• 
. , 

. 
It wu allB,umod tha.t·· ta.kinitoliamPlo to zoro tota.l pla.stio 

stra.in in ea.oh loop, produood a. nt,gligiblo stra.in- ha.rdoning, 

ovon though some strli1n a.ooumu1u.tion may have ooourrod •. Tho 

u.mount of doformu.tion for oll,oh loop wu.s 1ncroD.aod by 0.005 • • \., -' 
strdn, a.pproxima.tely. 

In "'e.l'der to stu.dy the influence'of the 80nse of the ini

tial straining (tension or compression first) on tho,mu.gnitude 

of tho BE, experiments wore- performod in both tonsion-compres

sion-u.nd compression-tension cyclos, 

Also, _an u.ttempt was made to study tho offoct of the dLr

oction of straining with rospect to the rolling direction. For 

this re·ason, specimens were taken from the p'1u.te, or~entod at 

00 • to 50 and 900 to the rolling diroction, 

All the tests wero conducted at room temperature and at 

a crosshead speed at 0,05.in/min, 

The geometry of the samples is shown in Figure 42 u.nd 

all the specimens were taken approximately from the middle of 

the plate, The specimen dimensions were chosen to avoid buck-

ling during compression, Strain was measured using an Intstron 

1/2" strain- gauge, fitted with special arms to have 1/4" gauge, 
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b) Methods of Measuring 00 and oR 
• 

, Having a~alyzedthe factors involved in the BEP equation, , .- . ,. . .., r '. ~ 

it was clear ,that' the reproducabllltyof the BEP; datadependec,l 

critically ,on the accuracy'and conSistency of measurements of . .' 

the paramete'rs o~ and oR' ~This requirement,' for a cons:i.stent 

defini~ion ,of 00 and oR was particularly important in the com

,parison of· test results. of. the different materials and' conditions, 

each of which showed characteristic tensile stress-strain flow 

curves at th9_po-int of. initial yielding. For 'instance, some 

materials showed continuous yielding with a highly rounded 

tensile flow curve. In this case, a small variation in strain 

caused a large difference in the measured flow stress. Other 

materials or test conditions clearly showed ,discontinuous 

yielding. ,-- .. " 
In order to circumvent this problem, for the determination 

.. 
of the yield stress, 00' in forward flow, the tensile load

elongation curves were ob~erved to fall into three distinct 

categories, namely; 

(i) an initial discontinuous plastic yielding; 

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

(iii) a curve with little or no elastic portion followed 

by continuous yielding. 

For discontinuous yielding, the true stress-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 

.-.-
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tIT observed discontinuity; it was possible to measure the' 0',2%-

offset stress directly, In the final case, ,the required off

. set s~ress was extrflPol;ated from a -.logarithmiC plot 6f true 

stress-true !i'train data .. 

~Themeasure~ent 01 t..~le reverse. yield stress aR was/com

paratively easier as the reverse "flow curves all showed'--the 
\ 

behaviour previously characterized'under case (ii) in the dis-

cussion above, . However, 'all t.he reverse curves also showed 

some level of micro yielding of' the order of 0; 1%· or less.' 

Micro-y.1.elding ):las been. attr,ibuted to the previously bowed 

and bent di~locat ions' straightening 'of under the action of 

their own line' tension and the applied reverse load. The , 
offset stress was measured as in cas (ii) above. 

> • 
At this.stage, it should be poi ted out that for a con-, . 

sistent evaluation of the BEP equ~~ln, both aR and ao should 

be computed from the same value ofaffset plastic strain. It 

is clear that the deformation in the reverse direction imme-

diately after the prest rain in the forward direction can only 

show the net effect of both forward and reverse straining. As 

the reverse strain increases, the back stress produced during 

forward straining, decreases to zero and a new back stress i& 

developed in a sense to oppose continued reverse deformation. 

Thus, if the BEP is evaluated using respectively different 

offset strains for OR and 00' the established independence of 

the' BEP with respect to the pre-strain is lost, particularly 

in the small pre-strain regime. This point is illustrated in 

Figure 44(a) from test results of Molycorp X-80, 5/8" plate. 

In each case, 00 is consistently evaluated as 0.2% offset 
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stresswhile qR iscompute5i,as 0.1,.0.2" 0:'5"and 1.0% onset 

. stress. Clearly,:I. I forlristance ,erR and ero are both evaluated 

as 0.5% oI·fset streps, the 'indep'endence of BEP of pre-strain 
. .' . 

as predicted by the. equation.l/BEP .. Cl + C2C ll2 onceaga!n' 

returns. ,.' 
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5) EXPERIMENTAL,RESULTS 

As stated earlier, 'the studies of reverse flow and the .. 

. BE were per~ormed on tw,9 HSLA st~els, Moly,corp X-80, .5/8" and 

Ipsco 3/8",' in both t~e as-received and annealed conditions. ' 

.' Annealing experiment was conducted, on finally prepared speci~ 

'. mens in an 'ev~cuated glass tube at' 5500 C for I hour. ':'The ~am-
. ," . /. " . 

pIes were deformed to a prest rain , followed by revers-e strain-' 
. "-

ing as explained in the previous section. fing the data from 

each BEP loop, the magnitudes of the BEP we e calculated. The 

results obtained are presented in Figures 4 to 56, which show 
• 

the BEP versus forward plastic strain, Ep. 

The Figures show that the BEP is essentially independent 
, 

of the extent of the forward piastic strain, for both types 

',of HSLA steels and in both the as-received and annealedcondi

tions. In general the magnitudes of the BEP for the teated 

materials are found to be in the order of 

that accordi~g to the proposed model(23), 

I or more, showing 
I 

approximately one-half 

of the work-hardening in tlie forward deformation is involved 

in building up the back stress on the hard, rigid particles. 

Such a high magnitude of the 'BEP is 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 is 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. Applying the relationship 

between the BEP and the volume fraction of non-ferritic phases 

j 
. , 
i 
I 

. , 
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for a range. of steels presented by Ibraham'(24) , Figure 35 

111 

for these volume fractions, the expected magnitudes of the BEP 

are much smaller.' This fact shows that a'simple relationship, , ' , 

between theBEP and volume fraction of second phase particles . .. . . 

found for a wid~ range of carbon steels cannot be Simply applied 

for HSLA steels systems. Using data obtained in this study for 

these two HSLA steels, a new relationship between these factors 

is found to be 

1 I 
BEP = 0.3 + 0.27 if (10) 

and is represented in Figure 57. 

'From existing data shown in Figure '57 it 

the magnitude of , the BEP is 'increasing as the 

ca~ be seen th'at 

sha\e of the 

second-phase particles becomes more complex. This indicates 

that the effective shape of the non-ferritic phases in HSLA 

ste~ls is very eomplicated 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. 

R~~ides the small precipitates not measurable optically, 

thp mpasurled volump fraction could bp increased hy residual 

~rrp~~ fipld~ in thp virinity of the partjr-lp~, Thi~ ~ppmq 

portirltlarly impnrtant rnr Molycnrp X-RO, S/R" where thp M/A 

constittlsnt witll residual stresses in its vicinity was docu-

merited in previous chapters. Residual ~tre!::i!:jes iu the mater 
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ials could result from processing at low temperatures, or ·as 

• a result .of the t~ansfol'J!la#ori. (voluirie' accollllllodation .of thg 

niicroconstituentssuc~ as retained austenite or martensite). . .. - . - -
~. " ',', . . 

To investigate the presence'of the residual stresses in 

·these. materials, their sense.and scale, experiments were con..., 
. .', . \ 

ducted intensile-compressilre and compress1v~-tensile cyclin'g . . )- . . _.'.'--" 

deformatloIi'..,· :From the r~sul ts shown in Figures 45 to 56 

it is found that io:iboth tested'HSLAsteels, Molycorp x-so . r' ' .. :. . .. " 

and Ipsco, in. the as-received' conditions, .. the magnitudes of. 

the BEP for tension:"'compression type of deformation are well 

above. those for. compression-tnesion tests. This leads to. the 
,.' 

conclusion that in the as-received materials there already 
,', . 

exists flome tensile· residual stress, which opposes deformation 

in tension and aids the defor~ation process in compression, 

According to the simple model for the BEP, used in this inves-

tigation, very small differences in the initial flow stress, 

aO, are needed for marked changes in the BEP in the tested 

materials, It was found in this work that the yield stress in 

~ompression is lower than it is in tension hy approximately 

I - 4 kSi, depending on the specimen orientation with respect 

to the rolling axis, By annealing for I hour at 550oC, 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~ence 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 

i , 

, 
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nature of the residual stresses has any relationship to the' 

rolling direct-ion. 

Studies of the BEP were, conducted on specimens taken at,' 

OOeL-Iongitudinal), 4So(D-diagonil.l) and 900 CT-transverse) from 

the rolling direction. All the experiments were again done in,' 

tension-compression and, compression-tension, and'the results 

are shown in Figures 45 to 56. For clarity, all the results 
-

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

an'd fn 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 i~ tension

compression and compression-tension tests is fou~ for the sam-

pIes taken parallel to the rolling direction. This difference 

decreases as the orientation of the samples rotates towards th~ 

transverse direction. This indicates polarization of the resi

dual stresses in the rolling direction and can be ~xplaine~ in , 

two ways. Firstly, the largest portion of the residual stresses 

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 specimpns 

parallel to the rolling direction_ 

It is important to notp that the rljfferen~e betwpen the 

magnitudes for the BEP in tension-compression and compre~~ion-

tension for Molycorp X-80, 5/8" during anneal ing, is decreased 

in longitudinal samples while the magnitude of the BEP for 

transverse orientatiull is almo:;t ulh.:hallged. TII1:; means that 

i 
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the observed anisotropy in Molycorp X-SO, 5/~'" in the as

recei v.ed cond1tion is removed by annealing, bringing the BEP 
. . 

magnitudes to aimost the same values in any orientation. The 

data .for Molycorp X-SO, 5/S" supports the theory that the pre-

sence of. the residual stresses are due to the rolling at low 

temperatures and due to.l"ocalized 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 for Molycorp X-SO, 5/S" for the tested 
d . 

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 orientation of the sam

please rotates from the transverse to the rolling direction, 

indicating that the most effective tensile residual stresses~ 

are polarized parallel to the rolling axis(31). In compreRsion 

tests, the roundness of the stress-strain curves is Alm0<:' 

'h~ Rame in all orientations. 

From th~ summari7.ed data for IpR(,() ::l/R" shown in FiR""Y~ 

HR, it can h- Aeen th~t the largeRt difference in the REP 

v"llJes between tension-compression and compression-tension was 

observed in the samples taken from the rolling direction, while 

almost no difference was found for the :;amples in th" trow:;· 

It was InterestIng to llutice ttl~t, .ltal 
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anneal,ing (1 hour at 550oC)" ,the magnitude of the BEP for com

pression-tension test for the longitudinal samples was increa

sed while the 'values for this parameter for tension-compression 

was almost unchanged. It is possible that during annealing 

some precipitation hardening occurred, and the increased volume 

fraction influences the magnitude of the BE. At the present 

,time it is not understood why such a difference in the BEP for 

different orientations exists after annealing. 

It was documented in previous c~apters that the presence 

of residual stresses in HSLA materials plays 'an important roler 

in the failure mechanisms and in a similar manner it could be 

stated here that the presence of any residual stress fields 

greatly increases the Bauschinger loss. To reduce these 

effects, more work is needed for a fully quantitative analysis 

of all the factors' that could cause a residual stress field in 

the materials. 

As reported earlier, in these complex materials. the S-D 

effect is observed and is of the order of 1 - 4 ksi. This i's 

particularly important for the accurate charactpri~ation of 

thf' FIR "!'! R flln('tion of th€' oj reC'tion Rno !'!pn"p nf t"hp ini ti.l 

tT"PY Rno thp diffprpnC'f's ohtRinf'd in thp FIR, 

AcC'orcijng to thf' literature(32). this is an indication 

of the presence of polarized residual stresses in the material, 

The:,;e stress"es eauld be related to the preferred url,,"t!ttluu ur 
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to marfens.ite transformation and by the 

present during cooling. As reported, these materials, consist-

ing of a mixture of'soft and hard phas~s could show a large S-~ 

\ effect. To characterize the S-'D effect and its relatIonship to 

the BE for the tested materials, more work is needed for the 

precise determination of the yield stress, aO, in various dir

~ ections' and senses of deformation. 

AS-a'general comment, the magnitude 'Of the BE in HSLA 

steel.ris very large even though these are materials with very 

low carbon levels and relatively low inclusion. levels. 

The main niicrostructural feature,s in nSLA steels influenc-. ;" 

ing the BE are found to be a number of complex, hard, rigiq and 

" relati vely large regions such as M/ A constituents and carbides" 

along with some residual stresse~ in their vicinity. 
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1 

The presen,t thesis has been. concerned with the mechanical 

properties, the forming characteristics " the fracture beha~,iour 

an~ their relationship to'the microstructural features of the .., , 

commercially processed H,SLA steels. In addition, an effort 

has been made to describe the behaviour of these materials in 

reverse str£ining. 

From t!).e data presented in this th"isis, the following 

conclusions can be formulated: 

1. In spite of the very low carbon content, the microstruc-

tu~es of the tested HSLA steels are complex and can be 

represented as mixtures of the soft (ferrite) and the 

hard (M/A, inclusions) phases. In the materials with 

very low inclusion content, the critical microstruc-

tural quantity seems to be the complex MIA constituent. 

2. The work-hardening exponents, n, and the corresponding 

values for the uniform strains in uniaxial tension are 

relatively low, Sonn aftRr thR gpnmetricnl instabtl 

i ty is rf'achf'd, thp samples fai IRd along shR"r 7.on"s, 

~, The strain to failure for the HSLA steel with a very 

low inclusion content is ulmost the same us or less 
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than the failure strain for the HSLA steel with a .high 

inclusion content. In the first caSe, the . MIA ,consti t

uent present in this material glays the role of·inclu-

siems. 

4. The Forming Limit ,Diagrams produced show relatively lc;>w 

forming potentials" predicting difficulties' in the form-' 

,ing of more complex components from' these, materials. 

5. The results from the .stretch-bend tests show a good 

correlation with the' forming characteristics. It is a 

very sensitive method of evaluating the transverse form
I 

ability and the effectiveness of sulphide shape control. , 
6. A number of failure modes is observed in this study, and 

the most cri ticall seems to 'be the development of unstable 

shear bands at an early stage in the deformation history. 

The presence of hard, complex MIA regions with residual 

stresses in their vicinity could have a major influence 

on' the strain localization and the formation of unstable . , 

shear bands. I 
7. 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. 

8. The magnitude of the BEP for these materials is found 

to he independent of the extent of the forward plastic 

strain, but is dependent on: 

a) the direction of straining with respect to the 

rolling direction, 

b) the initial sense of deformation (initial straining 

in tension or compression). 
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