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ABSTRACT

The stretch bend test has been used to investigate the

formability of a series of high strength, low-alloy sheet steels with.

wield strengths in the range 35 to 90 ksi, varying compositions and

inclusion shapes.

The results of the stretch bend tests have been compared with
those of tensile, hole expansion and punch stretching tesfé on the same
steels to obtain an indication‘of the sensitivity of the test to steel
quality. In addition some stretch bend tests have been carried out to
investigate the influence of varying the lubrication, specimen width
and specimen span in the test.

The results show that the stretch bend is somewhat insensitive
to the presence of elongated inclusions at the lower strength levéls
and inclusion contents but this sensitivity does increase with in-
creasing test span and should be adequate at the larger spans. Local
strains at fracture in both tensile and stretch bend tests give a more
reliable indication of the presence elongated inclusions, Of the bulk
formability measurements the.hole expansion limit exhibits the greatest

sensitivity to steel quality.(
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CHAPTER I

LITERATURE SURVEY

1.1 REVIEW OF HSIA SHEET STEELS
High Strength Low Alloy (HSLA) steels are a relatively new
group of alloys, similar in some respects to hot rolled, low carbon
steels, but hav1ng higher strengths as a result of composition and
proceSélng variations. The family of HSLA steel is usually charac-
terized by i
i) grain refinement strengthening by hot strip mill
controlled rolling and cooling.
ii) strengthening from vanadium, éolumbium‘ér tit~
anium precipitation,
iii) some solid solution strengthening.
iv) low carbon contents to promote weldability and
formability and
v) additives - such as ziroonium or rare earth ele-
ments to control inclusion shape.
Major develognents of HSIA steels have been stlmulated by the
demand for
i) higher yield strength ( > 350 N/ ) for
greater loaa bearing capacity or lighter sections.
ii) a high degree of weldability. | '
iii) high resistance to brittle failure and low ehergy

ductile fracture,” as well as low transition temp.



iv) good cold forming, particularly by bending, as well
as ductility and fracture resistance in the through
thickness direction.
v) lower costs using hot rolled rather than heat treat-
ed sections, plus higher ingot yields.
These stringent .requirements have been met as knowledge increas-
ed about the inter-relationship between the microstructure and mech-
anical properties. A regression analysis on typical steels of this

kind yielded the following relationship for cold forming applications (1)

‘ "1) Flow stress at € = 0,2 (of) Mpa
o = [ 16+ 0.27 (% pearlite) + 2.9 (3 Mn)
+ 9.0 (% Si) + 69%(% P) + 11 (% sn)
+ 244 (3 Np) + 0.97 a7 1

x 1.57 (90% explained)

]

where N free nitrogen not combined as a stable nitride.

f
d

L3

grain size.

ii) work hardening rate at € = 0,2

dg = [25 + 0.09 ‘(%,pearlite) + 7,2 (% Si)
a +30 (3P) +9.9 (48n) +89 (3N
+1.0d77] x 1.57 (55% explained) .
iii) maximum uniform strain (¢ *)
e*= 0.27 - 0.016 (% pearlite) - 0.015 (% Mn)
~ 0.040 (% Si) - 0.043 (% Sn)
~ 1.1 (% Ny) (60% explained)

iv) total strain at fracture (e T)

T A s



€, = 1.3 - 0.020 (% pearlite) + 0.30 (% Mn)

T
4+ 0.20 (% Si) - 3.4 (3 9)
- 4.4 (3 P) + 0.29 (% Sn)
+0.015 &% (65% explained)

v) fracture stress ofr (MPa)

7
o = [32 - 0.22 (% pearlite) + 16 (% Mn)
Y

+ 18 (% Si) - 170 (% S)
- 47 ($ P) + 16 (% Cr)
+430 (3 Np) + 2.9 a ]

x 1.57 (73% explained)

4

The above table indicates that while there is reasonable pre-
diction of mechanical properties, there is still considerable scope for
refinement and in particular it is noticed that the initial yield strength
is not predicted. This is very sensitive to small variations in structure
and processing,

The search for improved HSIA steels will continue with perhaps more
d\;ctility and attempts are being made to take advantage of every possible
increase in strength, and toughness. In a future of scarce raw materials
and energy su;-pplies, it Wt;uld both be uneconomical and irresponsible to
erlnploy materials other than those offering a maximum potential. HSLA
steels may meet this challenge‘by offering an optimum balance of prop-
Aerties per unit cost.

h HSIA steels find their major applic.:ations in Pressure vessels,
Pipe line, & transportation industries. -Major applications in transportation
industry includes chasis members, body frames, door strengthening bars,

‘wheel centres and bumper parts‘. It has been estimated recently that weight
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savings of 22.5 - 62.5 % can be achieved in bumper parts, body frames and
chasis menbers by using HSIA steels and by 1978 (2) 200 kg of HSIA steel

will be used in every motor car compared to 20 kg used presently.

1.2 GENERAL ASPECTS OF FORMABILITY

Strain analysis of sheet steels formed into various parts
illustrates that steel deforms in three basic modes, STREICH, DRA;V, and
PIANE STRAIN., The deformation mode is defined by the minor su.fface strain,
which is positive for stretch, negative for draw, and zero for plane strain
deformation.' The major .principal strain is always positive. The degree
of sheet *steel thinning before necking depends on the deformation mode.

Literature published by Keeler and by Goodwin showed curves which
describe the local strain occuring in sheet metal at the onset of failure
under any combinations of strains. Keeler examined the limit strain
ciose to the site of fracture and Goodwin camputed principal fractur‘e
strains at the fracture site. The difference between the Keeler and
Goodwin curves suggest that scn'ne very localised process preceeds fracture.
Strain values lying below the curve represent safe conditions i.e., no
failure, strains lying on the curve show failure by t.he: onset of necking and
points. above the curve indicates more advanced or severe failure. Such a
curve is known as Forming Limit Curve (FLC) or Forming Limit Diagram (FLD)
shown schematically in f’ig. 1.

The study of formability is aimed at facilitating the pred.iction
of maperial behavior in press fbrrm'ng operations from known material prop-

erties under various conditions of stress and strain using “Fracture" and

"Instability" criteria and / or reliable 'oesting..

.



FID have been found very useful in the following applications (3)
: 3 _

1) solving splitt.{ng problems during forming.
ii) determining the effectiveness of remedhial actions
taken to eliminate forming problems.
iii) anticip_ating forming problems showing how close strains
are to the fracture.
iv) establishing steel grades required for new parts.
v) evaluation of the press performance of new steels.

An analytical technique for obtaining the Keeler Forming Limit ‘
diagram has been proposed by Sowerby and Duncan ( 4 , 5 ) based on a
hypothesis by Marcmlk (6). He proposed that inhomogenities exist in any
material and these could be modelled analytically by imposing a local thick-
ness variation in the sheet and studying the strain development in the
parent sheet and the localized groove. Minh et al (7) proposed material in-
homogenities as the source of variation in the useful strain levels of
the identical formed parts.

1.2.1 LIMITATIONS QF FID

The FID does.mot provide the information on the material ability
to distribute strain during forming. Sheet metals with the ability to
distribute strains during forming are more suitable for making parts of
complex contours. Tiqefefore,' both the FID and the material ability to
distribute strain are important considerations in sheet formability. The
use of FID's is alsq limited when tlile sheet thickness aﬁd ocontours are such

as to promote considerable outer fibre strech (8).

UL WINPT I AR T WIS SR, 1 U S
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1.3 EFFECT OF MICROSTRUCTURE ON DUCTILITY ’

Ductility is the ability of a material to undergo extensive
plastic deformation, limited by either fracture processes or bj plastic
instability. An example of an instability controlled ductility is the
elongation in the uniaxial tensile test. An example of fracture cortrolled
ductility is the reductigﬁﬁ\)f area in the same test.

1.3.1 PIASTIC INSTABILITY

Plastic instability depends strongly on the work hardening
characteristics of a material. In steels which exhibit low strain rate
dependence of flow stress, uniaxial tensile instability occurs at a low
strain when the work hardening rate is insufficient to‘maintain the rate
of decrease of the cross-sectional area. Higher strength steels, (ie.
steels with elevated yield and flow stresses) show reduced elongation
values although this is not entirely due to the low strain hardening.

However, the onset of plastic inst-;ability has proved to be of limit-
ed significance in many cold forming processes, (eg. cold bending), while
reduced elongation values are not harmful in microalloyed steel applications.
In fact, because of the limited potential fo.r changing the work hardening
characteristics of ferrite steels, elongation values at a given strength
level are .very similar for all steels.

1.3.2 CRITERION FOR DUCTILE FRACTURE

The various critea;ia which have been proposed to explain the fracture
of metals generally allow the derivation of fracture strains under_the
known conditions of loading from known constitutive behavior of materials.
Criteria like "Maximm Tensile Stress", "Maximum Shear Stress' ,'Maximm

.

Tensile Work", "Maximum Volume Strain" etc. have been advanced to explain



the fracture behaviour of various materials. Most of these provide a (
simplified end condition for fracture without taklng into consideration
the gradual increase of internal damage during deformation of ductile mat-
erials. Cockcroft (9) in his maximum tensile work criterion related
material damage to the plastic work done by the maximum tensile stress.
This however, lacked any real microstructural explanation of the process
of damage as experimentally observed by many investigators.

The most realistic fracture criteria fbr ductile nétals was pro-
posed by McClintock (10). The process involves cavity nuc;leation, growth

and coalescence in the final catastrophic stage of fracture.
1,3,3 DUCTILE FRACTURE CAVITY NUCLEATTION

There are many methods (10, 12, 41, 42) ogS cavity nucleation, in
the cold forming operations, however, it usually'occurs by deoohesion of
the interface between matrix and the seoond'phase particles or by cracking
of second phase particles. In general, cavities nucleated on nonmetallic
inclusions fOl;:'m by inteliface decohesion while those nucleated at cementite
particles are formed by particle cracking (1l). Experiments by Gladman et.
al. (12) suggest that particle decohesion in non-metallic inclusions can
occur at negligibly small strains. Cementite-particle crackihg is a stress
dependent phentmenon, and the stresses needed to grack th;a carbide particles
may not be developed until the aggregate has undergone quite large strains.

Recent work (12) has shown that carbide mérphology is a major factor
in controlling the onset of particle cracking. The stress dependence of
particle cracking is given by the following equation (12)

.TC = 19 + kc(/_c—/p)

w2 ST

P TP



a. Decohesion (Prolate Spheroid)

4

b.Decohesion (Oblate Spheroid’
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¢. Particle Cracking
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Fié. 2 Theoretical model for void growth., ¢



L e - T S

10

where c the carbide thickness )
r\,.' .

pile up length and k\ '

P
'10 and kc= constants.

The critical shear stress can be translated into an appl:ied tensile
stress and, through the true stress/ true strain curve, to a nucleation
strain. This is a simplified model of carbide cracking since it implies
that carbide cracking is totally dependent on the resolved shear stress
and stress intensification at the head of a pile up. While this has been
confimed by considerable evidence, other aspects of particle cracking,
such’ as fibre loading, may also have some effect on elongated or plate like
carbide particles. ) /

These aspects of carbide cracking are dependent on the stress sys-
tem, Stress triaxiality could dramaticall‘y change strain to cavity
nucleation. Nevertheless, for a given stress system, carbide refinement

might increase strain to carbide fracture ie. the cavity nucleation strain,

but there is little evidence supporting this.

1.3.4 DUCTILE FRACTURE CAVITY GROWIH (12)

-

- The basic theory of cavity growth proposed by Henry and Plateau
is that strain intensification occurs in a manner analogous to stress
intensification near notches or cavities. Strain.intensification is there-
fqre controlled by the frontal radius of curvature of the cavity Fig. 2 (12)
de = d /b (1l+ka’b’) '
Integration of this equation\ provides a description of the development of

the cavity with strain.

e= eg+ln [P +ka)/ @ +kadl /2 (1)
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strain intensification factor, k = 2.

11



*,

3
¢
;
!
?

12

where the constant of integration, ey = the strain at which cavity
nucleation occurs.

L = the initial length of the cavity, ie, b, in the case of

0
particle decohesion and, o in the case of particle cracking.

k = strain intensification factor.
It is assumed that all inclusions behave similarly with respect to void
formation. The éonparison of cavity development formed by inclusion de-

cohesion and carbide cracking is shown in Fig. 3.

1.3.5 DUCTILE FRACTURE VOID COALESCENCE AND FAILURE (12)

There is no precise description of the critical distribution of
cavities required for cavity coalescence. Most theories however, imply
a critical ratio of hole size to hole spacing. A modification of Henry
and‘ Plateau's model for hole spacing, however , falloffed the development of
a relatively simple model of ductile fracture, in which the resulting
equation inplies a critical volume fraction of holes (11). Theoretical
treatments of| more complex stress and strain conditions also indicate a
critical vol\lre fraction of holes of less than 10% (13).
~ Thus ,’! the factoir:s”which encourage. the early development of the

~ ] .
critical volﬁme fraction of holes are those which reduce fracture strain

including a llmigh volume. fractigrif_éf inclusions and an unfavourable Ashape.

Unfavourable|shapes promote strain intensification, (eg. lenticular

particles where the strain is applied paralllel to t;he short axis--Fig. 2b).
Particle size does not have any effect on auctility in many cases,

as supported by the work of Edelson and Baldwin (14). BHowever, this is not
|

L4
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true for cementite particles and stress dependent cracking, since void
nucleation strain depends on the critical stress. Thus, carbide dis-
persion could dramatically affect the strain at which the critical stress

level was attained due to| the stress-strain relationship.

1.4 EFFBCTS OF SBECOND PHASE PARTICLES ON FRACTURE STRAIN

The theory outlined above leads to the formation of two ductile
fracture equations (12). The first relates to nonmetallic inclusions in
steel where cavitation occurs by decohesion of the interface at negligible
strains. The strain to fracture, € is given by

g = In [ ( s/ 22 +k(%) /1rk /2D ] /2 (2)
where ¢ = the critical volume fraction of holes (approximately 0.05)

fo = the initial volume fraction of inclusions
k = a strain intensification constant of about 2, and
r = the length-width ratio of the inclusion where straining
was in the length direction.
This equation indicates that increasing the volume fraction of
inclusions reduces the strain to fracture. The shape factor, r, exerts a

major effect on the denominator of the logarithmic term when ¢ >> £ An

0
increase in the length-to-width ratio of the inclusion will improve ductility
in the longitudinal direction. A decrease in the inclusion length-to-width
ratio to a value less than unity will reduce longitudinal ductility.

The theory is baséd on inclusions occurring as oblate or prolate
spheroids where. the rotational axis is coincident with the tensile axis.
The theories (10, 16, 41) only estimate highly elongated inclusions where
the tensile axis is normal to the longitudinal axis. For the transverse

tensile test, highly elongated inclusions would be undesirable and would
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reduce the strain to fracture.
The second equation relates to carbiée cracking as follows
cp-co+In [ (4612 / Ok )41 /2 (3)
whefe ep = the void nucleation strain.
: This is a highly idealized system implying that all carbides
crack at a strain of g3, and all are of similar shape and orientation.
This is abviously not the case for cementite in microalloyed steels. The
major effects of carbides on ductility are probably caused by tﬁei;
influence on the void nucleation strain, ep. In addition, the orientation
of pearlite cementite is generally random and would not therefore give a
specific value of r.

In summary, carbides have a major influence on ductile fracture

through their effect on volume fraction and ¢4 (11).

1.5 EFFECT OF SULFIDES, OXIDES and CARBIDES

The effect of second phase particles, such as manganese sulfides,
oxide inclusions, or carbiées, is to decrease the total ductility. However,
the effect is not linear but is an exponential decrease with increasing
volume fraction of second phése particles Fig. 4. This ¢hange is predicted‘
by a theoretical analysis of the effect of seocond phase particles on the
ductile fracture process. (10).

Irrespective of the precise mechanism of void coalescencé, however,
total ductiiity depends on the shape of“the particle which create the woids.
Increasing the length-width ratio of the second phase particles gives a
higher tensile ductility when the long.axis of inclusions is parallel to

the tensile akis, compared with plate like inclusions tested parallel to
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their minor axis. This produces ductility anisotropy in which ductility
is much lower for a given volume fraction of second phase particles in
transverse than in longitudinal tests, Fig. 5. This anisotropy effects
the longitudinal bendability of flat-rolled products (lg) and lamellar
tearing during welding. \

Although carbides a:Eear to affect total ductility in a manner
similar to non metallic inclusions, there is a significant difference
since carbides do not crack or lose coherence at low strains. Consequently
steel with carbides can undergo significant deformation prior to void
nucleation (16). In fact, carbide crécking depends on stress (17).

Thus, the strain needed to nmucleate voids decreases as the volume
fraction of carbide increases Fig. 6. This occurs because the strain re-
quired to achieve the stress level for cracking decreases with carbide
volume fraction. Carbide cracking and void nucleation can therefore occur
at smaller strains with increasing flow stress and work hardening rate.
This explains why lamellar pearlite has a much iower total ductility than
spheroidized pearlite. (18).

In terms of void growth, a high work haraening rate can be bene-
ficial, as it inhibits void growth by developing high flow stresses in the
regions of étrain‘concentrépion around the void and also by confining the
spreaé of plastic zone. Becéuse of less uniformly distributed carbides,
spheroidized ferrite-pearlite structures have lower total ductilities for

a given carbide volume fraction than do sphervidized martensite structure (18).

This is similar to the lamellar tearing phenomenon and points to the det-

rimental effect of localized segregates of -second phase particles.
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Type II Sulphide Net work
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Type I Sulphide Net work
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1.6 INCLUSION DISTRIBUTION

The model of ductile fracture is based on the assumption that the
distribution of inclusions is ﬁniform. localized clusters of inclusions,
however can lead to the premature onset of void coalescence (1l), which
causes increased cavity development as shown by the deviations between
theoreticai and observed cavity volumes in Fig. 7. The formation of
Type II (Fig. 8a) inclusions are particularly detrimental, resulting in
local concentrations of sulfide particles ( 12, 40') as opposed to Type I
(Fig. 8b) sulfides. The local concentration of sulfides can also be in-

fluenced by macro-segregation.

1.7 SULFIDE MODIFIERS

A recent method of combating the property anisotropy problem in
HSIA steels has beenh the modification of sulfides and oxides by the addi-
tion of calcium (19), zirconium (19-21) or rare earths (18,19). This
modification, which is most effective lég sulfides is caused by the de-
crease in inclusion plasticity by altering their constitution (18). Thus
they remain as rounded globules rathexr than deform into elongated ri?bons
or planar arrays in rolled products. |

Control over inclusion shape is achieved by thé addition of:
CALCIUM which globularizes alumina type oxides Ey forming calcium aluminates
and causes the sulfides (mainly calcium sulfide) to associate with the
oxides. Due to its high vapour pressure, low solubility in steel, and

great reactivity, calcium is considered difficult to control (19). Recent

developments have overcome these problems to a laige extent.

M AAY
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Z IRCONIUM
Zirconium must be added in amounts depending on the sulphur,
nitrogen, and o*ygen contents of the steel (15, 19-21). Z}rconium can
dissolve in manganése sulfide and thus decrease its plasticity. Sufficient
zirconium is added so that manganese sulfide is replaced by a non de-
formable zirconiun sulfide. Zirconium canmot be used as a sulfide modifier
in steels whose properties are enhanced by high nitrogen contents, such as
vanadium steels.
RARE EARTHS
Rare earths, Which form a virtually non-deformable sulfide or oxy-

sulfide, BecaUSé of their high affinity for oxygen and sulfur, the amount
‘'of rare earths must be sufficient to account for both these elements.
Dependiné on the method of addition, recoveries can be erratic (18, 19),
Under certain conditions, rare earth additions may lead to desulphuri-
zation reaction in steel. Little evidence exists suggesting that rare
earths can replace manganese in manganese sulfides (20, 21). Wniie rare
earths are expensive, an optimm sulphur level cf app..0.0IO% in gteel
will lead to minimum costs. Appropriate addition techniques can overcome
a tendency for gross segregation of rare earth inclusions.

_ The major effects of sulfide~modifying additions are to increase
the transverse and through thickness ductility and charpy- shelf energy
to leQels'cxmmxuzﬂale.to those obtainea in the long. directicn, and to
minimize the anisbtropy'of these prOpefties; The optimum ?are earth/
sulphur ratio for minimm anisotropy is about 2.0 Fig. 9 (18). Rare ‘
earth additions seem to be nore effective than zirconium additions Fig. 10

(18).
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Above the optimum addition of either rare earth or zirconium,
the charpy shelf energy values tend to decrease. This is apparently caused
by zirconium forming embrittling zirconium carbide Zr 4C252 and rare earths
forming a carbide or intermetallic compound.

Good formability therefore requires a low—carbon content, low and
uniform dispersion of equiaxed nonmetallic inclusions‘, low sulphur contents
ard shape control of inclusions. It was recently suggested that non-
metallic inclusions are the prime cause of limited formability of Hot
Rolled HSIA Steels (22). It is possible, however, to design steels for
optimum formability.

1.8 REVIEW OF MECHANICAL TESTS FOR ASSESSING SHEET MATERIAL FORMABILITY

!
In caommercial operations a number of tests have been used by steel-

makers and steel users to assess the formability of sheet steel for quality
control purposes. None of these tests . have gained wide acceptance on the
basis of sensitivity, reproducibility, convenience etc., Some are used nore
widely than others, althoughl this is usually because they have become
established in steel specifications (e.g. ter'xsile el-ongation and simple
bendability) and does not nécessarily indicate that they hav% particularly.
great sensitivity in determining steel quality. The more important of the
tests éurrently used are briefly reviewed below.

The tensile test is universally used commercially to determine

whether steels meet quoted strength specification limits. A natural oconse-
quence of this has beeh to use a parameter fram this test, usually the
total elongation at fallure I‘T for formability spec1f1catlon. However, it

has been shown that E’I‘ does not always correlate well with press formability



R 26

and bendability (23-28) , presumably bécause it is largely governed by
geometric instability rather than non-metallic inclusion content or shape.
As pointed out above geometric instability does not seem to be a major
factor limiting the formability of h;gh\ strength steels, at least when
these contain significant quantities of elongated inclusions, .

If inclusions are important in failure during cam\erciai forming
then one would expect a correlation between commercial formability and the
true strain at fracture or the reduction of area (R of A) in the tensile
test. Published data is limited but supports a correlation between R of A
and formability (24, 29) and also ductile fracture toughness (30). Un-~
fortunately, this parameter is not easy to measure precisely in sheet
materials because of the complex shape of the fracture surface and the
difficulty of measuring ﬂlig:knesses accurately for thin gauge materials.
In consequence it has not been widely used for commercial quality control
.alth> ;- itc wider use is anticipated once a standard method of measurement
has been established.

Y

The éimple bend test has been requested in steel specififations for

many years as a supplement to the tensile elongation in the assessment of
formability. The test is semi-quantitative and is usually only used on a
pass—-fail basis. It is difficult to adapt it to the quantitative measure-
ment of relative formability although reasonable success has been achieved
by the rather tedious and time consuming measurement of crack length at a
given bend angle (28, 31, 32). For the more highly ductile or thimner gauge

0 : .
materials 180 bending is achieved even over sharp bend radii ard con-—
sequently the test cannot be used to rate the formability of these materials

(25).



AT By Sre T Ty

27

In the Hutchinson hend test (33) the bend specimen is prepared

with sheared edges and is bent with the shear burr facing towards the out-
side of the bend. This is a rather more severe test than the simple bend
test (with machined edges) since the sheared edge contains nucleating
microcracks (25, 32). During the bending cracks grow from these micro-
cracks at the specimen edges towards the centre, Quantitative results can
be obtained, as with in the case of the simple bend test, by measuring
these cracks at a given bend angle (21). The test is subject to the same
limitations as the simple bend test.

Recently Japanese workers have shown that the elongation of

notched tensile specimens shows an excellent correlation with bendability

and press formability for hot rolled sheet steels (23, 27, 28) although
the relation is poorer for cold rolled sheet. In comparison to the de-
formation mode in tensile tests the plane Strain deformation created in

the potliicd specimen is closer to that generally found in bending and

-

press forming operations. Also the triaxial state of stress at the root

of the notch probably assists in opening up cracks along inclusions and
so amplifies the effect of elongated inclusions in the microstrxructure.

A slight drawback to the use of this test in quality control work is the
need to prepare accurétely notched specimens.

The degree of expansion of a sheared circular hole during punch

stretching has also been used as a measure of the quality of hot rolled
HSIA sheet steel and has been shown to predict the effects of sulphide
shape control (25). The hole expanding limit (34, 35) based on the

dnitial and final diameters of the hole is generally used as a measure
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of formability. The test is simple and easy to perform. However, it
requires the construction of a hole blanking die and in addition the
results obtained do not enable a comparison of longitudinal and trans-

verse ductilities.

More recently, a stretch-bend test has been developed (36) which
requires very simple specimen preparation, is easy £; perform and analyse
and appears to distinguish readily between steels of different quality.

In the test a strip of material is clamped rigidly at the ends and
stretch-bend over a radiused punch. The deflection of the punch at
failure is normally used as the measure of formability of the test sample.
A oomparison of deflections for longitudinal and transverse specimens may
give an indication of the presence of elongated inclusions or banded micro-
structures,

This test was first developéd at Dofasco Research Laboratories
using a rig of simple design incorporating a mechanical hold down (36).
Subsequently other ;igs have been built (37, 38). Uko (é7) designed a
sophisticated rig incorporating a hydraulic hold.down for the specimen
and allowing use of a variety of punch radii and two specimen spans. Some
testing was carried out on HSIA pipeline steels using this rig and

specimens with machined edges (39).
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" CHAPTER II

AIM OF THE PRESENT INVESTIGATICN

The aim of the present work was to investigate the performance
of the stretch bend test in characterising the formability of a number

of HSIA sheet steels having a variety of strength levels, micro-
structures and inclus:ion contents and to compare the results obtained

from stretch bend tests with those obtained from hole expansion and

simple punch stretching tests using the same steels.
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CHAPTER III

MATERIALS TESTED

3.1 MATERIALS

Seven commercially produced as-hot rolled sheet steels were
used fér the main part of the work. Their chemical composition, nominal
yield strengths and sheet thickness are shown in TABLE 1.

211 were low carbon aluminum killed steels. &Gteels A, B, C,
E, and F had carkon levels of .08 - .09% and steel D a much lower
ocontent of .04%. Sulphur contents varied fram ,005% in steel A to
.016% in steel C. Rare earth or zirconium additions were made to some

steels to control sulphide inclusion shape as indicated in the table.

Steels A to D were nominally 80 ksi yield strength grades,
stéels E and F were 50 ksi grades and steel G was a conventional
forming grade 'mild steel'., Of the-80 ksi steels A and B were Mn -V-N
steels, one with (A) and one without (B) sulphide control. Steel C
was ;a Mn - Cb steel and ”steel D aM - Mo —(b steel. Sulphide
modification additions had been made to both steels. The two 50
ksi steels were Cb - V types, again one with (E) and one without (F)

sulfide control. Steel sheet thicknesses were in the range 0.085 - 0.103
in. for these steels. .

' 3.2 METALLOGRAPHY

All the steels used were examined by optical microscopy on

longitudinal sections perpepdicular to the sheet surface. Inclusion
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Fig. 11 Typical inclusion structures of the experimental steels.
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Mean Linear Intercept

Steel Inclusion Length Range um Grain size um
10-20 20-40 > 40
A 4.6 2.0 0 4.75
B 60 49 38 5.95
C 46 21 11 4.05
D 2.5 0 2.80°
E 3.4 0 7.75
F 48 40 36 6.30
G 74 63 53 11.10
£
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structures were examined in the unetched or lightly etched condition.
Inclusion lengths were measured using a grid on the projection screen
of an optical microscope at a magnification of about 650X. Measuréne_mts
were made at a depth from the specimen surface of about one quarter ﬁhe
specimen thickness. The inclusions were categorised into different size
ranges and the number of inclusions of a given size range per unit area
of sample determined. These values were used for oorrélation with form-
ing properties.

Grain sizes were measured at about the quarter thickness position
in both longitudinal and through thickness directions. The two measurements

did not differ greatly and an average value was calculated.

3.3 RESULTS AND DISCUSSION

-

The optical microsoog;e examination of unetched or lightly etched
samples revealed globular or blocky sulphides in steels A, D, and E,
(Fig. 11 a, d, e) to which riodif;ling additions had been made during steel
making. The unmodified s;t?els B}\ F, and G contained very thin highly
elongated manganese sulphides (Fig. 11 b, £, g) Steel C was found to
be partly modified and the sulphides exhibited a variety of shapes .from
globular through elliptical to thin elongated. (Fig. llc).

The nmnbers.of sulphides per unit area with lengths in the range \
10-20 ym, 20-40 ym and over 40 ym are tabulated in TABLE 2. Steel G
had the largest content of elongated inclusions closely followedn by steels
B and F. The mdified steels A, D, and E had very low contents of inclusions
greater than 10 ym. The elongated inclusion content of the partially modi-~

fied steel, steel C [fell at levels intermediate betweer the fully modified

.,

0
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‘ Fig. 12 Typlcal matrix structures of the experimental steels.'
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and unmodified steels as might be expected.
Most steels exhibited relatively uniform polygonal grain structures

(Fig.12 ), Steels D ard particularly steel C had significant amounts

of acicular structures towards the centre thickness of the sheets (Fig.l2d).

Average linear intercept grain sizes shown in TABLE 2 varied from 2.8 um
in steel D to 11.1 um in the drawing .grade steel, steel G. Steels A,

B, E, and F showed significant quantities of uniformly distributed fine
lamellar or degeneratepearlite. In steels C and D pearlite was not
evident and cementite was present as distinct particles. Steel G
exhibited some pearlite but in much smaller amounts than the higher
strength steels and most cementite was present as carbide films at grain
boundaries. A iarominent feature of steel D was the banded appearance of
its grain structure in which carbide stringers could be distinguished

(Fig. 12d).
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CHAPTER IV

MFCHANICAL TEST

EXPERIMENTAL TECHNIQUES

4.1 TENSILE TEST

Two tensile samples were tested for each steel in the longitudinal,
transverse and diagonal diregtions to the rolling direction. Tensile
testing was carried out on an Instron tensile machine at a crosshead
speed of 0.1 in/minute. ASTM A370 type specimens were used with a 2 in.
gauge leﬁgth and 0.5 in. gauge width. A 1 in. gauge length extensameter
was used to measure specimen extension during the test.

The drawability index, r value, was measured on all the hot rol-
led commercial steel specimens by r:eoordi_ng length and width over a 1 in.
gauge length in the centre of the specimen afte_r l.O -~ 16% strain-prior
to maximum load. Following these measurements specimens were reloaéed
and strained to failure so that total e_longation and reductions of area
at failure could be obtained. |

Work hardening indices, n values, were measured on all steels by
iterative fitting (48) of the stress vs strain curve to the equation

0 =k(eg + )" (4)
where k and ¢, are constants. Uniform elongations were estimated from
the elongation of electrochemicailly etched grid marks, originally of
about 0.25 in. length, away from the necked ragions on fractured specimens.

Thickness and width at fracture were measured using a point
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Fig. 14 A schematic drawing of the stretch-bend test
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micrometer for calculations of reductions of area. Thickness varied
markedly across the widths of the specimens at fracture and“_an average
value was used in the calculation. In addition local surface elongati-c‘ms
at fracture were measured from electromarked grid circles spanning the
fracture. These measurements were made on circles at the centre width of
the specimen which were approximately bisected by the fracture crack. It
is not proposed that such measurements have any fundamental significance,
due to the strain gradients in the local neck, however, they appear to
have value in distinguishing the relative forming quality of different

steels,

4.% NOTCHED TENSILE TEST

Notched tensile tests were carried out on longitudinal and trans-
verse samples of all the steels to supplement the formability parameters
obtained from the tensile test. The specimen dimensions are shown in
Fig. 13. Measurements of specimen elongation at fracture were taken during
testing using a 1 in. extensometer placed symmetrically across the notch.
Elongation measurements were also made on the fractured specimens from 1
in. scribed gauge marks. In‘addition, local strains at fracture in the

centre of the specimen width were measured from a .09 in. scribed grid.

4,3 STRETCH BEND TEST

K]

A schematic representation of the stretch bend test is shown in
Fig. 14. A strip sample of the material to be tested is clamped firmly
between jaws and bent in tension over a radiused punch. The formability

of the specimen is usually measured from the punch travel at maximum load
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Fig. 15 Specimen for Hole Expansion Test
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or failure.

The stretch bend test equipment used in the present work has been
described in detail by Uko (37). Samples 7 in. long and 2 in. wide were
used for most of the work with a 3.375 in. span between the clamping jaws.

Two sets of samples were prepared , one set with machined edges and one

set with sheared edges.

Sheared edge specimens were prepared on a mechanical shear with
a 0.020 in. clearance between the shear blades. The specimens were pre-
pared so that the shear burrs were on the same surface of the sheet and
were always tested with these burrs towards the outside of the bend.

All the hot rolled specimens were tested at three punch radii,
.125, .25, and .50 in. Sheared edge spgchrens for some steels were also
tested at .05 in. and .75 in. radius. 1In all tésts a hydraulic clamping .
pressure of 1500 psi., equivalent to about 15 ton load on each of the
clamped flanges, was used and this was effective in preventing any
drawing-in from the flanges. In all but a few tests reported later ,0.004
in. thick polythene oiled on both surfaces with General Purpose Motor
Master oil SAE-140, was used as lubricant between punch and specimen.

Punch speed for a}l tests was 0.4 in./ min., Punch load and travel
wereautographically reco;:ded during the test and, in addition,the maximum

load value was read from a digital recorder.

4.4 HOLE EXPANSION TEST

The blanks for hole expansion tests were 9 in. dia. discs with
1 in. dia. central hole as shown in Fig. 15, The central holes were punchea

out in a subpress using commercially available punch & die set (Fig. 16)

with .0l5 in. clearance.
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The hole expansion tests were carried out by stretching these
blanks over a 4 in. dia. hemispherical punch through a 4.25 in. dia. die
plate, using a similar testing rig to that described by Paul-Chowdhury
for simple punch stretching tests (43). Blanks were oriented such that
the burr on the sheared hole faced away from the punch. The blanks were
clamped in the flange region under 1500 psi pressure (i.e. about 30T on
the flange). Oiled polythene lubrication was used between punch and

specimen. The punch speed used was 4.4 X 1073

in./sec and load and
deflection were autographically recorded during the test. Crack pro-
pagation from the sheared edge was taken as the end point of the test and
this point was evidenced by a sharp drop in load or sudden decrease in
slope on the chart record.

The diameter of the hole at failure was measured in the longi-

tudinal, diagonal and transverse directions and the average value calculated.

The hole expansion limit Aav was then calculated from

a= - d
av o

A
av

!
o

where dav and do are the final and original hole sizes.

4.5 PUNCH STRETCH TEST

Punch stretching was carried out using the same equipment and\the
same testing conditions as those used for the bole expansion tests. Again
autographic load vs. cup height c?rves were obtained during the test and
failure of the cup was evidenced by a sudden drop in forming load. Two

tests were carried out for each steel tested. The blanks for punch



+

stretching tests were 9 in. in dia. discs.
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CHAPTER V

RESULTS AND DISCUSSION

5.1 STRAIN MEASUREMENT

To enable the measurement of local strains on tensile, stretch
bend and punch st.retch specimens grids of 0.09 in. dia. ové%la;ping
circles were eléctroetched onto the steel surface using cammercially
available equipment. The grid circles were measured using a tool
makers microscope. The errors in strain meas;n:en’ents duve to variations
'in circle diamete.t" on the stencils and to measurement errors are estimated
to be about + 3%. This error could be significant for measurements of
small strains.

5.2 SHEARING.

During shearing the shear blades penetrate the surface of the sheet
being sheared for a distance before the intervening nateria; fractures
(Fig. 17). The penetration depth might be expected to depend on micro-
structures since it skx';tuld be sensitive to fracture characteristics. Since
there was an interest in -the jnf.luenoe of microstructu.;:e on the fracture
characteristics in the present work it was pertinent to determine whether
this dependence could be detscted. ’

. Measurements of the depth of blade penetration were made on the
longlttximal and transverse sheared stretch bend specimens using\the micro-
meter stage of an optjicz_al micxosoog_:e. The results are shown in Fig. 18.
The results for most of the samples measured fall in a broad band at punch
penet;ration_s between 30 and 45% exhibiting a small dependence only on yield
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stréngth level. Bowever, the results for longitudinal specimens of the
urmodified steels B, F and G show much lower blade penetration distances
before fracture than do the other specimens and this indicates a significant
influence of elongated inclusions on blade penetration during shearing. ,
Pearce and Mazhar (15) have previously shown that blade penetration could

be related in a general way to material ductility.

5.3 TENSILE TESTS

5.3.1 TFNSTLE PROPERTIES OF HSLIA SHEET STEELS

The tensile results for these steels are shown in TABLE 3 where

properties are given for the longitudinal, transverse and diagonal specimens.

.This table also includes the averaged properties calculated using the

normal averaging formula,

C = 1/4 (C + 20,0 + Cyp),

€90
where C is the average of the property C and Co' C45 and C90 the property

0

at 0°, 4s°

and 90° to the rolling direction.

For each of the sﬁeels the strength levels were éenerally gregtest
in the transverse specimens and least in the longitudinal specimens. The
highest yield strength level was found in steel D (89 ksi), steels A and
B were of similar strength level (82 ksi) with steel C slightly lower
(77 ksi). Of the nominally 50 ksi yield strength steels, steel E (54 ksi)
was samewhat stronger than steel F (49 ksi). _

"The tensile curves of steels C, D and E showed sharp yield points
and significant yield Qoint elongations. This was particularly not;cegble
in the very fine grained steel D where yield elongations in the range

5 - 7% were obtained.. Steels A, B, F and G had been temper rolled during
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Elongation
Specimen r r )
Orientation Lu roT WH
Long. .45 .56 .64
Trans. - .55 .61 .68
Diag. 1.32 1.27 1.24 -

Fig. 20 T.c dependence of the drawability index, r
value, upon the range of strain over which it is

measured.
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commercial processing to eliminate the yield point elongation. Rounded
yield points were observed in these steels except for steel B which
exhibited a small (0.2 - 1 %) vield horizontal suggesting insufficient
temper rolling. Steels that had been temper rolled exhibited a positive
value of ¢ in equation 4 whereas in those that had not been temper rolled
this value was generally zero, Previous work has shown that. thevvalue of
€y can be related to the strain applied during temper rolling (44). Eng-
ineering stress-strain curve for different strength levels are as shown
in Fig. 19. |

The r values of most of the steels fell in the range 0.8 to 1.0

with the higher values corresponding to diagonal specimens. However, the

high manganese ,high niobium steels, C and D, and partic'ularly steel D,
which also contained molybdeinum, exhibited much lower values of r in
longitudinal and transverse directions and higher vz;llues in diagonal dir-
ectipns than for.other steels. This phenomena has béen noted before in
such steels and associated with transformation of heavily rolled unre-
crystallized austenite (45) . '

It was considered possnble }t the unusual distribution of r
values in steel D might be due to errors in measurements aSSoc1ated with

the oonstraints to width strain imposed 'during the long Luders elongation

of this.steel. Therefore, tensile tests were repeated for this steel and

measurements for r values were made at the end of the 'Lv:;ders ifegiorx apd
then again at strains just prior to maximum load. The results are shown
in Fig. 20, together with an inset illustrating the three strain ranges

over which r was measured. It is clear that the measured r values are

’
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influenced by the discontinuous deformation in the yield horizontal but
in this steel the effect is not large. For consistency the r values
used in subsequent discussion are those measured over the whole strain

regime and given in TABLE 3. ,

5.3.2 VARIATION OF.n, ET, R of A, ELWITH YIELD STRENGTH AND INCLUSION

CHARACTERISTICS

The worlg hardening index n, tcstal elongation ET, reduction of area
R of A, and local elongation at fracture E  are shown in Fig. 21, as a
function Qf yield strength level. All these parameters decreased with in-
creasing yield strength level. In nost steels the n values were larger in
longitudinal than transverse specimens, however, the magnitude of this
difference did not seem to be influenced by. sulphide modifying additions
and appears tohe mainly due to the differences in yield strength level
between longitudinal and t;:ansverse specimens. Steel C exhibited a generally
lower n value than the other B0 ksi yield strength steels and this possibly
reflects its higher overall inclusion o'oﬁter'xt' .

In oc;n.i:ragt to the results for n values the results for E’I‘, R of A
and EL show a clear dependence on sulphide modification. The values for
transverse specimens of the unmodified steels B, F & G fall to lowér levels
than ‘the values for all other specimens. This is most noticeable in the
E; (Fig. 21d) and R of A (Fig. 21¢) plots. The effect is relatively small
in B, (Fig.2lb) and indicates a're.lati_ve insensitivity of this parameter
to inclusion shape as mentioned previously. The results for the transizéfse
specimen of the partly modified steel, steel C, fall towards the bottom

of the general bands of results but above the bands of results for the
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transverse specimens of the completely un-modified steels.

5.3.3 DEPENDENCE OF F‘T AND EL ON DRAWABILITY INDEX

Both EL and to a lesser extent, I;T increase with increasing draw-
ability index, r value, as shown in Fig. '22. This behaviour would be oon-
sistent with a constant thickness strain criterion (or similar criterion)
of fractL{re, which has been observed for HSLA sheet (46), and the expected
change in strain path with increasing r val‘:e. In most hot rolled steels
this effect is relatively unimportant since the range of r values is not
large. P%vever, in the higher alloyed ‘steels C and D the ¢ values obtained

are nuch lower than in conventional hot rolled steels and some care must

be exercised in comparing total and local elongations of the two types.

5.3.4 PLOT OF RATIO OF TRANSVERSE / LONGITUDINAL PROP}E.I.M‘I_ES WITH Y.S.

AND INCLUSION CHARACTERISTICS

The influence of varying r value is the cause of some of the
scatter m the results shown in Fig. 21 but the majority. of this scatter
can probably be .acoounted for in terms of variations.in carbon and sulphur
contents-and steel microstructures. It can be an advantage in such
circumstances, when trying to illustrate stegel quality effects, to nérma—
lize for the variations in camposition and microstructure between
different steels by plotting the ratio of transverse/longitudinal properties.
This has been done in Fig. 23 which more clearly illustrates the impxt;ve-
ment in steel quality obtained through sulphide modification, at least in

the case of R'of A and EL'



(a) Section perpendlcular to the fracture surface.
Mag. 640X 2% Nital etchant.

.

(b) Association between carbide stringers and the
advancing crack tip. Mag. 640X,2% Nital etchant.
Fig. 240ptical micrograph shewing the delamination
phenomenon encountered in steel D during
. tensile testing. '

64



14
@ 12
.E’ )
‘;‘. *
. 10
o
ot .
S 8
¢4
T 6
Lo
8]
o
2 4
1.0
0
D
0.9
e
29 0.8
[ .
22
1) e Q‘7
@ 3
EE

0,6

(Open points: Longitudinal
Closed points: Transverse

&)

o Key as in Fig. 23 . !

-
-
-4

-

L ~ —_
- - .
~— —_— —_ v
B — . «
‘ \ —— *
" A
b)
Open points: Modified steels
Closed points: Unmodified steels
1
] ] 1 . ] 1 1 : A = 4

30 . 40 50 60, + 70 80 90
Yield stress ksi | |
Fig. 25 Thé var‘iation of the notched tensile elongation and
the.ratio of the transverse/lonc';ittidinal notched
tensile elangation with yieid stress and inclusion

chatact®ristics.



66

‘B0 pUX] YDIHIIS O3

UT © pUe g ST2935 103 $oAInd Joaery yound sa peot H@Wg.mﬂm
Toavay younyg '

P R

o mas e m-—

O 1904y

ISTIaNSURI]

Teutpn3tbuoy —------

*UT §°0 SnTpEY young

suawtoads obpl paxesys

A\

¥ 9

peoT



67

. . QIISAL ION -- IN

v8'¥y  Op'LE  OL'EE  £6°Lz  66°Tc| 869  <2°S  0S°h b9t 9T°E o

9T°9€  68°€E  09°LZ  08°0Z  €L°9T| 9€'9 . 16'S  0S'p  95°¢  =z8'z| 4

IN 9L°SE  0£°8Z  06°SZ N | IN 20'9 v6'v vy w | @

€9'62  00°SZ  06°ST» 69°TT  00°€T| v¥'6  86°C 26'% zz'v 8y'c| a

Se'ze  €8°¥T  LZ°OZ IN 6v°'ST| 8L°6  ¥8°9 Z¥'s I yL'E| O
VE'ST  ¥8'EZ  S6°9T  00°9T  ZEPT| 9T'6  O¥'L  ZTI'S  8E'S  wh'y | &
IN 9z°'8Z  0z'2Z  £6°8T IN | IN. v6'8 959 OL°S w | w

osL” 00" 0sz SZT* so- | ostt  oost - oszt  seT S0
(*ut) snTped young T (~up) snrpes yetng Teo3s
(‘Www) TEARIL UDSUNG *WKEN (SuaL) peoT ‘umen

" SNAWIOHAS I QVaNS ASHIASNVAL ATNO

TIARILL HON(d WHTXWW OGNV GYOT HONOG WIWT XA

b TIgVL

.

-
S AT e A M Mt e DS (AL Y b7 SN W 20 T A R

e AR 1




PIE TR i S = . -
LI TS sl e g sy S .

68

¢
5.3.5 FRACTURE CHARACTERISTICS COF STEEL D

An extensive investigation of the development of fraéture in the
tensile or bend speéimens has not been undertaken. However, one featuré
of the tensile fracture characteristics of steel D is worth noting because
it may have some bearing on the results reported later for the stretch
bend tests. 1In all tensile specimens of steel D cent:.;e thickness delamin-
ation was evident running back into the tensile gauge length from the
fracture surfaces. fOthexwise the fracture characteristics of this steel
showed high ductility as evidenced in Figs. 21, 22 and 23. The delamination
in this steel was associated with carbide stringers which were a prominent

featulge.

5.4 NOTCHED TENSILE.TEST

5.4.1 VARIATION OF ETN AND THE RATIO OF THE TRANSVERSE / LONGITUDINAL

E‘I‘N WITH ¥,S. AND INCLUSION CHARACTERISTICS

[ 4

© The results, measured éfter specimen fracture from the 1 in. scribed
gauge marks, are shown in Fig. 25 as plots of .elongation and transverse/
longitudinal elongation ratio vs yield stress. The I;esults show similar
trends to those obtained for normal tensile R of A and E; value. (Figs. 20
and 22). However, the notched tensile results do appear to exhibit improved
sensitivity as evidenced by the much lowe;c élongation ratios obtained for
the unmodified steels (Fig. 25b) as campared to those ob_taineci for the same

steels in normal tensile tests (Fig. 23).

5.5 STRETCH BEND TEST

5.5.1 PUNCH LOAD--PUNCH TRAVEL PLOTS
Typical load vs punch travel curves for stretch-bend tests are

shown in Fig.. 26. TABLE 4 shows how load and punch travel varies with

.



69

C TeruSuwTISdxs Syl 1037

sT293S

OT3RI 'pusq Y3TM PeOT ‘Uxew 3 TanRll yound JO uoTieTIea UL Lz D14

* (W) PEOT UWNWTXEBW 3B TSARIZ Udund

0¢ sz o

0t ST 0T gT

0e SZ 0T 41

oy sg 0g T4 0z ST 0T ST
T H T 1 1] 1 ] i T 1 I i 1 H
- —
- =
- L
—} D 71ees — g 19935 ——f— V 19935 —
o \ \ / -
o4& < .
i / / i
/
\&ob
- \\ .
/
= / 1
/
I
b\
7 /
suaurtoads abp. pauTydel
1 1 L 1 1 ] i 1 1 1 * 1 1 | { _ L { 1

PRSPPI

3/2 oTjex pusg



70

(UN) PEOT LIUITXER 38 TOARI} Uound

(p3uoo) Lz *bra

0s Sy Ob St 0t SZ 0C G€ 0E ST OF s€ 0 ST 0T
T I T I T T T T T T T T T T 0
1 T
- ) - z
1 €
1 ¥
108
22'Bbta ut se Asy 4 .9

O 1°38

suautoads abpd poxesys

/
=

4 T9=3S

>

suaurrosds 9By mﬂwcﬁso&«?

1 | ! | 1 ! | SO L | 1

!
@©
3/1 oT3ex pusq

4
.

VO SRR Y SN



B a0 I o - N T i T By e U s

..
HQ

71

different punch radii. The load rises with deflection during the test

'until a maximm value is obtained which can be associated with crack

nucleation and bropogation or necking. Shortly afterwards failure ensues.

5.2.2 STRETCH BEND FORMABILITY OF THE HSLA SHEET STEELS

]

For the purpose of camparing the different steels the punch deflect-
ion at maximm load has been taken as an indication of sﬂgz;ch-bendability.
This is plotted against the bend ratio (punch radius/specimen thickness),
x/t, for the different steels in Figs. 27. Iongitudinal, transverse and
diagonal specimens have been tested in the machined edge condition and
longitudinal and transverse only in the sheared edge condition. For
sheared edge samples there is no significant difference between the curves
for longitudinal and transverse specimens for all the sulphide modified
steels except for steel D where the difference is'quite large. However,
this steel has a noticeably banded microstructure and exhibits centre
.+Hickness delamination during fensile testing as noted preQiously.

In the 80 ksi yield strength unmodified steel B and partly irodified
steel C the curves for transverse specimens fall to lower values éf punch
travel than the curves for long;tudinal specimens reflecting the'influence
of elongated inclusions. The difference between the two curves decreases
at low r/t ratios consistent with the trend found in earlier work {(36).

In the 50 ksi yield strength unmodified steel F there is a very
small separétion of the curves for longitudinal and transverse specimens
and in the lowest strength steel G no separation is evident. Both steels

have relatively low sulphur and carbon contents in addition to the lower
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strength levels and the results obtained appear to indicate a relative
insensitivity of the stretch-bend test to the presence of elongated in-
clusions under these cénditions.

The curves for longitudinal and transverse machined.edge sanples
of all steels except steel D are virtually co-incident with each other and

with the longitudinal specimens of samples with sheared edges. This is

_ the case even for steels B and F where in sheared specimens longitudinal

and transverse deflections differ. This would appear to indicate that the
stretch bend deflections in transverse specimens are decreased below thoSe
of the longitudinal specimens in the presence of elongated inclusions only
if the specimen edges are sheafed. A greater seﬁsiﬁivity to the presence
of elongated inclusions may be expected in sheared specinené since the
sheared edges contain microcracks which can initiate a crack if the condi-
tions are favourable (32).

In the modified 'steel D, in which same microstructural gnd carbide
banding is found, the deflections for ﬁransverse specimens are less than
those for longitudinal s;eéimens in both sheared and machined édge specimens.
This result is difficult to reconcile with the results for the unmodified
steelgsB, C and G where differen;es in deflection for longitudinai and
transverse specimens océur oniy‘for sheared edge samples. As will be ,
shown later differenées in deflections for machined edge specimens caﬁ
generally be associated with difference; in r values but the diffe;gnce
in r values between longituﬁinal and transverse directions in steel D is
small and does not appear to bé capable of explaining the large effect on
deflection found,

The explanation for the results found in steel D may be associated

1

~
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with the ease with which centre thickness delamination appears to occuxr
during tensile testing. Little difference in longitudinal and transverse
deflections for machined edge samples of steels B, C and G are found

because of the absénce of crack nucleating ndcrocraéks. However, in steel D,
if delamination occurs readily during the stretch bending of machined samples
it might be speculatéd that the delamination region could act as the necessary
microcrack.

Steels A, B, E and G exhibit similar r values in all planar directions
and in machined edée stretch bend tests gimilar deflections are obtained for
specimens from the longitudinal, transverse and diagonal orientations. In
steels C, D and F on the other hand the r values in the diagonal direction
are significantly larger than in longitudinal and transverse directions and
thaye is a corresponding difference in the stretch bend deflections with

higher deflections being obtained for the diagonal specimens (Fig. 27).

5.5.3 CORRELATION OF PUNCH TRAVEL AT MAXM. LOAD, LOCAL STRAIN RATIO,

% REDUCTION IN WIDTH WITH r VALUE

»

The oorrelatioﬁ of Punch travel at maxm. load with r value for the
éifferent strength level ranges of the steels is shown in Fig. 28a. Results
for transverse specimens of steels exhibiting mechanical fiberind (e.g. elong-
" ated inclusions, banding) are not included in this plot. Although there is
scme scatter in the results due to variability of the matrix formability of
these steels it is clear that deflections increaée significantly with r

I

values. -

The higher deflections obtained at the higher r values can be

attributed to . a deviation of the straining path from plane strain towards
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tensile strain as explained previously for the tensile results. To

confirm this some measurements were made of strain ratios on grid circles
adjacent to the fractured circle on fractured longitudinal, transverse

and diagonal specimens of steels C and D. Since the grid circle diameters
(.02 in.) are relatively large campared to the strain gradients in fractured
bend specimens these values cannot be taken as a neasufe of the strain ratio
operative in the test. However, it is considered that they are good for
comparison. The results are shown in Fig. 28b from which it is clear that
there is an effect of r value on strain ratio in the direction indicated
above.

The influence of r value on strain ratio implies an influence on
overall width strains in the stretch bend samples. Width stra%ns have been
measured in some samples at the apex of the bend. The results are shown
in Fig, 28c, The lower curve represents samples bent to the same punch
deflection but less than maximum load. The upper curve represents widﬁh
. strains for specimens of 80 ksi ;teels taken to fracture., Width strain
increases with r value in both curves although the fracture curve shows
the greater effect.

An important oconsequence of this dependence is that the correlation
between laboratory stretch bend tests and ;onnercial bending operations
for materials with r values that differ significantly may be poor because
in commercial operations the majority of the length of the bend will be
forced to deform under piane strain conditions. In any case it is fortunate
that most hot rolled steels exhibit r values that are approximately 1.0 and

so do not vary greatly. It appears that it is only in the recently
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Fig, 29 Typical examples of fracture in the stretch

bend test.
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large bend radii.
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(Q) Centre cracking at the apex of the punch for
large bend radii. Note the deviation of the

crack fram the bend apéx’along the lines of
shear towards the specimen edges.

Fig. 29 (contd)
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. "~ . . TABIE 5

POSITION OF CRACK INITIATION

. Transverse sheared speciméns only

Nw

Steel . 10,125 0.25 0.50 0.75
A " ND C C NT
B ‘E E E E
C E E C M
D ND [¢ c c
E ND C c NT

F E E M E
G E E C E

IN ALL OTHER SPECIMENS FAILURE INITIATED AT THE CENTRE OF
THE SPECIMEN '

Crack irgitiatioh- from :"the edge

= Crack initiation from centre width
= Mixed edge and centre '
Not tested

= Not clear from failed specimen

4

§ 3 2z 0w
i
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developed higher alloyed steels, where transformation of unrecrystallised

austenite occurs at low temperatures, that low longitudinal and transverse

B
W

onal

r va}ues are obtained. Whj{x camparing these steels wit-:h conven
steels scme care must be exercised in the interpretation of the stretch’
bend test resﬁlts.‘ ‘

| These results mdi9a£e , therefore, that the-punch deflections vary
with r, value. In transverse sheared specimens the deflections are also
influenced by the presence of elongated inclusions but there is =0

significant\ effect of these inclusions in transverse machined specimens.

ions only  make their‘presence felt in specimens with

. . Ad o -
ack initiating microcracks are present in the shear
~

burr..

5.5.4 W CHARACTERISTICS OF THE STRETCH BEND TEST

" In support of the above it wa‘s generally observed that in the
trarlmsverse she'ar‘ed edge ‘specimens of. the u‘mmd:.fled steels containing
elongated inclusions (i.e. steels B, C, and F) cracks initiated at the

specimen edge and propagated towards the centre (Fig. 29a). In machined

. edge transverse specimens gf these éteels and in all other steels testedq,

sheared or machined, longitudinal, transverse or diagonal-, cracks started
at the centre of the specimen width (Fid. 29b). The strain distribution
along the axis of bend in the two cases is as shown in Fig. 30.

These crack initiation charac'terigtics of the specimens ate (/
detailed in TABLE 5. Results for .05 in. and some of the .125 in. radius
test:.s are not iricluded since it was not generally possible to identify

_the 'source of failure at these sharp punch radius.
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Also at the two largest punch radii the cracking characteristics
were sometimes more complex than described above due apparently to the
increased importance of friction. For these punch radii, failure in the
transverse specimens of the unmodified steels generally started from edge
cracks which occurred close to the jungtion of contact between punch and
specimens of the unmodified steels g’é’r/lerally started from edge cracks
which occurred close to the junction of contact between punch and specimen
(Fig. 29¢) and not at the apex of the bend as in all tests at the smaller
err;ch radii (Fig. 29a). Two edge cracks frequently formed on opposite
sides of the bend ape:é and propagated parallel to the bend axis until
.fipal failure occurred by shearing between them.

On the other hand cracking of the modified steels and of the

longitudinal specimens of the unmodified steels occurred in the centre

of the specimen width at the apex of the bend, as in the case of the smaller

radii, although subsequent crack propagation vas usually at an angle to
the bend axis (Fig. 29d). This mode of cracking appears to indicate
increasing importance of the tensile component in failure at the higher
bend ratios with final crack propagation occurring along lines of shear
at approximately 45° to the bend axis. .

It was indicated earlier that steel D exhibits somewhat anomalous

behaviour in the stretch bend test. It is possible that in this steel easy

nucleation of cracks may occur through centre thickness delamination and
it 1is perhaps significant that in this steel cracking does not start at
the specimen edges even in the transverse sheared edge specinens.

Even in those sheared specimens of the unmodified steels where
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edge cracking initiates failure in transverse samples the differences in p
the punch travel for longitudinal and transverse specimens is net always
very significant (as noted for steels F and G before). It is very large (J (

only in steel B at the higher yield strength (80 ksi) level and higher

elongated inclusion content, TABLE 2.

5.5.5 DISCUSSION ON THE STRETCH BEND FORMABILITY OF THE HSIA SHEET STEELS

RESULTS

Punch deflections taken from the smoothed curves of Fig.27, for the
different steels at bend ratios of 1.0, 3.6' and 5.‘0 are shown as a function
of yield strength. levei in Fig, 31. Thigplot summarises the-results
presented earlier. At the two large;: punch radii a curve can be drawn
through the points representing the transverse specimens of the unmodified
steels., The other experimental points for the modified steels and longi-’
tudinal specimens of the unmodified steels fall in a broad band at hi.gher
deflections. The curve and the band come together at the lower yield
strengths where fhe stretch-bend test shows limited sensitivity to elongated
inclusions. The points representing transverse samples of the partly
modified steel C and the modified steel D lie between the band and the
curve, ‘

In agreement with the present results Melbourne et al (36) found
no significant difference between longitudinal and transverse deflections
for unmodified aluminum killed mild steels qf low strength levels. However,
they found much larger effects in HSIA steelé than in the present work

although, the sulphur cohtents and the conditions of testing were similar.
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However, the steels used by Melbourne et al were generally of much
higher carbon content than the present steels (.13 - .22% compared to \
.08 - .09%) and consequently pearlite banding may have been an :'unportant.
facto;: in their results. In addition some of the lower strength steels
used by them were silicon sémi—killed steels and the silicate inclusions
found/in such steels are known to be generally far more deleterious to
transverse formability than the manganese sulphide inclusions found in
alunminum killéd steels.

Other work (36) supports the finding of the present work that
stretch bend deflections are not sensitive to inclusion content in machined
edge samplés (47), although in work on a thicker plate steel, Uko et al
(39) found small differences in longitudinal and transverse deflections
that could be attributed to elongated inclusions. It is reasonable to
expect that same influence of elongated inclusions might be observed for
machined edge specimens since the elongated inclusions will still be @@e&-
éd to influence void nucleation and growth when cracking starts from the
centre width of the specimen, It is possible that with the present condi-
tions and materials the difference in deflection between longitudinal and
transverse machined edge specimens is so small as to be lost in the scatter
-of results. For instance,it is shown later that increasing the specimen
span improves the sensitivity of the stretch bend test and it is possible
that such improvements in sensitivity might reveal a separation between
longitudinal and transverse curves for machined specimens. However, it is

clear from the present results that sheared edge specimens are necessary

for optimum sensitivity.
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—5&.6 CORRELATION OF STRETCH BEND RESULTS WITH TENSILE FORMABILITY PARAMETERS

IS

The punch deflection in the stretch bend test has been plotted
against n value, ET’ EL and R of A for the tensile test and E&N frop the
notched tensile test in Fig. 32. The punch deflections used have been taken
from the smoothed curves of Fig. 27 at a bend ratio of 4.5.

As expected the correlation with the work-hardening index, n value,
is poor, particularly for the transverse specimens of the unmodified
steels. The most sersitive correlations are found with gTN EL and R of
A,aléhough the latter shows considerable scatter, no doubt associated with
the difficulties of measuring this parameter accurately.

It is noticeable in the ploté that steels D and G do not always
show as good a borrelation as do the other steels, Steel G shows quite
large differences between the transveﬁse and longitudipal local strain ‘
parameters, E_and R of A, from the fensile test but no detectable difference.
in stretch bending deflections. Steel D exhibits thé opposite effect,
with very little difference in tensile parameters but quite large differences
in stretch bend deflections for longitudinal and transverse directions.

The reason for this behaviour in steel D is riot clear but it may
be that the features of the microstructure causing delamination in tensile
specimens may have a much greater effect on formability in bending than in
tensile testing. It will be seen later that this steel exhibits excellent
formability in the hole expansion test, a test which appears to be extremely
sensitive to the presence of elongated inclusions or mechanical fibring.
This and the correlations reported above éﬁggeéts that there are anomalies
in the stretch bending performance of this steel that require further

"investigation.
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As has been indicated previously the sensitivity of the stretch
bend deflection to elongated inclusions is poor at the lower yield strengths
and inclusion contents of steel G. As will be seen below if local measure-
ments of strain at fracture are made on the stretch bend samples these '

are as sensitive to elongated inclusion content as the essentially local

measurements taken from the tensile test (i.e. EL’ R of A and EN) .

[

5.7 LOCAL STRAIN MEASUREMENTS AT FRACTURE IN STRETCH BEND TEST

The punch deflections from the stretéh bend test have been shown
to be relatively insensitive to the presence of elongated inclusions in the
lower yield strength .wErmdified' steels, at least where the sulphur contents
are relatively low. ,.Punch deflection is the most convenient measurement
to takeAfrom the stretch bend test, bowever, there are other possible
measurements that may be takew and may be mora significant in _,:gsessing

the quality of a steel. . g

5.7.1 VARIATION OF LOCAL FRACTURE STRAINS MEASUREMENT FROM STRETCH BEND

TEST WITH Y.S. AND INCLUSICN CHARACI'ER_ISTIC%;

In the present work three further forn\ability parameters have been

N

measured. These were:

1) the reduction in’ width at fracture, R of\.tgv, measured at the
apex of the bend using vernier callipers. \

2) the reduction in thickness at fracture, R of T measured in
the centre of the width of broken specimens using a point micrometer.

3) the local surface elongation, EB’ fracture measured in the

centre of the specimen width at fracture fram 0.09 in. electroetched circles

spanning fracture.
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»

The results of these measurements for specimens bent over a .125 in.,
.250 in., .500 in. radius punch are shown in Figs. 33 as a function of yield
strength level. |

The variation of R of T and EB with yield strength and edge prepar-
ation are similar. The measurements for both machined and sheared transverse
specimens Qf the unmodified steels fall in a band at low values and with-
in this band the measurements for machined specimens generally fall to
higher levels than those for sheared specimens. The results for all other
specimens fallin ahigher band and the separation bet:geen the two bands is
substantial even at the lowest strength leveis where ;10 effect is seen in

»

punch deflection measurements (Fig., 31).
Similarly the R of w‘;:esults for sheared edge transverse specimens

of unmodified steéls fall to lower levels that the other specimens (Fig.33b).

However, in this case, the résults for machined transverse specimens of

_ these inmodified steels do not show similar low width reductions but lie

in the band of results for the ,other steels, The major fraction of width

strain in stretch bend tests of machined specimens appears to occur between

maximm load and failure as can be seen from Fig, 28c. It is clear that

cracks initiating from the sheared edges in transverse specimens with

elongated inclusions prevent significant width strain after maximum load

whereas when failure is initiated in the centre of the specimen width, as

in all machined specimens, large width strains can develop. This behaviour

is consistent with the difference in punch deflections obtained between

transverse specimens of the unmodified steels with machined and sheared

edges if increased width strain is associated with increased punch deflection.
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In sheared edge specimens crack nuclei are present at the edge and
propagation will occur when the stresses at the edge reach a sufficient
level. In machined specimens on the other hand, voids must develop, grow
and coalesce to form a crack nucleus before ;:rack propagation can take
place across the specimen width. The greater local strains required to
achieve this are reflected in the higher values of R of T and EB for
machined as compared with sheared samples of the transverse unmodified
steels, although results for both sheared and machined specimens of these
steels fall below those of the modified steels.,

These local measurements .of strain at fracture in the stretch bend
test are essentially similar to the local measurements at fracture from
the tensile test (R of A and E*L)\ and have similar sensitivity to the
presence of elongated inclusilons.

5.7.2 CHANGE IN STRAIN DISTRIBUTION WITH YIEID STRENGTH FOR THE SPECIMENS

DEFORMED TO (.80 IN. PUNCH TRAVEL

Longitudinal strains perpendicular to bend axis are plotted against \
the distancg from the bend axis for different yield strength, Steel E, F,
G sheared edge specimens. The specimens were deformed to .80 in. punch
travel by .375 in. radiused punch. The distribution of strains are as
shown in Fig. 34, As 1t is obvious, the maximum strain increases with yield
strengthwith the charateristic steep strain gradients. The uniformity in
strain distribution increases as the work hardening exponent 'n' increases.
The results are only qualitative since 0.80 in. punch travel is close to

the maximum in Steel F only.
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5.7.3 CHANGE IN STRAIN DISTRIBUTION WITH PUNCH RADII FOR STEEL E

DEFORMED TO 0.80 IN. PUNCH TRAVFL

The longitudinal strain perpendicular to the bend axis are
plotted against the distance from bend axis for steel E, sheared edge
specimen deformed to 0.80 in. punch travel by 0.05 in., .375 in., .750 in.
radiused punch. The results are only qualita_ive since 0.80 in punch travel
is close to maximum for 0.05 in. radiused punch only. The plot Fig. 35
clearly indicates a sharp strain gradients and higher value of maximum
strain for the sharper bend radii. The uniformity in strain distribution
increases but the maximum strain level decreases as bend radius increases

because of the larger contact area between punch and specimen.

5.7.4 DISCUSSION ON THE LOCAL FRACTURE STRAINS RESULT IN STRETCH BEND TEST

-

AS FORMABILITY PARAMETERS

The scatter in results in Fig. 33 is largely due to variations in
steal ~orToeoitions, microstructure and r values. The difference between
the results in modified and unmodified steels can be shown nore clearly by
plotting the ratio of the transverse to longitudinal stretch bend R of T,
EB, and R of W values as was done for the tensile test parameters in Fig. 23.
The results for these stretch bend parameters are shown in Fig. 36. In each
plot the results for unmodified sheared specimens lie in bands below the
values for the modified steels. Values for machined samples of the un-
modified steels generally lie between those for the modified steels and
those for the sheared unmodified steels. That the machined and sheared
specimens do not generally exhibit similar.values in these steels can be

associated with the different mode of failure in thHe two conditions, i.e.
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edge cracking in the sheared unmodified steels and centre cracking in
the machined unmodified steels as explained above.

These results show that measurements of local strain at fracture
give a sensitive indicaiton of material quality, in fact much more sensitive
than punch deflections. Although the latter appears to give an excellent
indication of quality in steels of high strength level and relatively high
inclusion content (such as steel B in Fig. 20) at low strength levels and
in the steels of lower inclusion content it is less reliable. For instance
the punch deflection for steel F and G give littleaand no indication respec-
tively that these steels contain elongated inclusions (see Fig. 31).
HOwevér, the local strain measurements in Figs. 33 and 36 clearly show
that transverse properties differ from longitudinal ones in these steels
whereas these differences in modified steels are small.

Unfortunately, width and thickness reductions and local elongations
at failure are far more tedious to measure and subject to greater measure-
ment errors than punch deflections -nd the value of the stretch bend test
as a quality control test is greatly reduced if such measurements are

required.

5.8 HOLE EXPANSION TESTS

5.8.1 HOLE EXPANSION LIMIT VS YIELD STRENGTH )

The average value of the hole expansion limits for the experimental
steels are shown as a function of yield strength in Fig. 37. These results
exhibit excellent conformity with what one would expect from their inclusion
shapes and contents,TABLE 5. The results for the unmodified steels (B, F
and G) fall on a curve at relatively low ratios while those for the

completely modified steels (A, D and E) fall on a curve at much higher values.
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The results for the partially modified steel C falls at intermediate
levels, In addition although the major cracking from the sheared centre
hole occurred in the rolling direction in all steels (Fig. 38) in the
modified steels A, D and E additional incipient cracks were found in

other orientations to the rolling direction suggesting less direction-
ality in the case of crack growth. These additional cracks were not found

in the umodified steels.

.
5.8.2 DISCUSSION ON HOLE EXPANSION TEST AND STRETCH BEND TEST AS QUALITY

CONTROL, TEST

The results in Fig. 37 are essentially similar to those for the
stretch bend tests portrayed in Fig, 31 and rate the steels in the same
order of quality. However, the distinction between the modified and un-
modified steels is far more clear cut in Fig. 37 than in Fiq. %%, especially

at the lower strength levels. For instance, the stretch bend deflection

of th~ rmnodified mild steel G is greater than the deflections of all other

steels, even those with completely modified inclusions (Fig. 31). However,
the hole expansion limit of this steel is much less than the limits for any
of the completely modified steels including those of the highest yield
strength level tested, A and D. The content of elongated inclusions in
steel G is highest of all the steels tested TABLE 5 and it is clear that
this is the major factor in the low limit for this steel. These results
indicate that the hole expansion test would be a much superior test for

monitoring quality control.
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5.8.3 CORRELATION BETWEEN HOLE EXPANSION TEST FORMABILITY PARAMETERS

AND TENSILE TEST PARAMETERS

The hole expansion limit and fracture strain results do not
correlate well with tensile formability parameters. Correlations with the
transzerse notched tensile elongation %ﬂqand the transverse tensile re-
ducti;x of area, R of A, with hole expansion limit are shown in Fig. 39.
The correlations with other tensile parameters are poorer still and these
cases are not shown. Correlation with fracture strains is shown in Fig,40.,
It appears from these correlations that the hole expansion lindt and fracture
strain is far more sensitive to elongated inclusions than any of the tensi%éS%
parameters. This is particularly so at the lower strength levels as evi—‘

denced by the separation of the results for steels F and G from the general

curve for the other results.

™

5.8.4 CORRELATION BEIWEEN HOLE EXPANSION LIMIT AND E )

In the case of the notched tensile test this is rather surprising
since it might be expected that the notch acts in the same way as the
shcared edge as a crack initiator. It is possible that the rather large

radius at the notch may have limited its efficacy in this respect.

5.9 PUNCH STRETCHING TEST

5.9.1 PLOT OF CUP HEIGHT AND YIELD STRENGTH

Values of the cup heights at failure for the punch stretching tests

are shown as a function of yield strength in Fig. 41 . 1Two tests were done

for each steel and the reproducibility of cup heights was good in all steels

1 4

except steel B.
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5.9.2 DISCUSSION BETWEEN PUNCH STRETCHING AND STRETCH BEND TEST

These results are similar to those shown in Fig.3l1 b and c¢ for
the stretch bend tests, The results show a fairly clear separation into
two bands, the upper band containing the modified steels and the lower the
unmodified steels with the partly modified steel C falling between the two
bands. In comparison with the stretch bend test results the punch stretch-
ing results distinguish more clearly between modified and unnch.fied steels.
However, it is shown later that the sensitivity of the stretch bend test
increases with the span between the clamping jaws and it appears probable
that with a larger span the stretch bend test would predict punch stretching

b

pexrformance with good accuracy.

5.9.3 DISCUSSION ON THE RELATIVE ASSESSMENT OF HOLE EXPANSION, PUNCH

STRETCHING AND STRETCH BEND TEST

It is clear from a comparison of Figs. 37 and 41 that the hole
expansion limit is not the best parameter to use as a guide Lo punch
stretchability. The latter is clearly reduced by the presence of elong-
ated inclusions and cracking always occurs in the rolling direction (Fig. 42)
but is certainly not as sensitive as indicated by the difference in the hole
expansion limits for modified and unmodified steels. Similar conclusions
can be drawn from the recent results of Hilsen et al (25) on HSIA sheet steels
in punch stretching and hole expansion test.

This is not to say, of ocourse, that the hole expansion limit is
not a good quality control parameter. In fact it would appear to be an

@
excellent parameter if testing for the absence of elongated inclusions is
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the aim. In addition, as emphasised by Melbourne et al (36), cracking
from sheared edge is perhaps the major cause of failure in HSLA sheet steel

forming operations and the hole expansion limit should be excellent in the

&
nonitoring of steel quality in such cases.

One dafficulty with the hole expansion test, as mentioned previously
is that no comparison of longitudinal and transverse values can be made to
specify the directionality of formability in the material. The expected
level of the hole expansion limit for fully modified material must be
known so that ocomparison can be made with the vélues obtained in the test
material. This is no problem in routine testing since this expected value

will soon be established. However, in limited testing or in the testing
of new steel types etc., it could pose problems.

In this respect the stretch bend test has the advantage since the
test result is based on a comparison of longitudinal and transverse de-

flections. Certainly fram the present work it is not nearly as sensitive

to elongated inclusions as the hole expansion test, at least for lower
strength levels and lower inclusion contents, but the sensitivity does
increase with span. It appears that using the longer span the test would

be adequate for routine quality control in HSIA sheet steels although more

work is required to ascertain this.
Though no attempt has been made to.draw FID for the materials but

the results of the limit strains in Tension Test, Hole Fxpansion Test,
Punch Stretching Test are plotted in Fig. 43 to give an idea of the strain

levels in the three different straining conditions.
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, CHAPTER VI

INFLUFNCE OF TESTING CONDITIONS IN STRETCH BENDIING

The majority of stretch bend tests in the present work were
carried out using 2 in. wide specimens with oiled polythene lubrication
between punch and specimen - the test oconditions used by Hero et al (39)
using the same apparatus. Little work has been done on the effect of
test conditions in the stretch bend test. Since, for the purposes of
correlation with commercial operations, it is quite important to under- |
stand how deformation conditions in the stretch bend test change with
test conditions:A small additional program of work was carried out to

investigate this.

6.1 EFFECT OF LUBRICATION:-

Since the deformation mode in commercial bending of sheet metal
is restricted to plane. strain it would be ideal to obtain this mode in
the stretch bend test. However, substantial width strain does occur in
the stretch bend test and it is reasonable to assume that this is assisted
by lubrication. Consequently, a brief investigation of stretch bend tests
with no lubrication was carried out using sheared edge samples of steel F
to determine the effects on deflectién and width strain. Longitudinal and
transverse specimens of steel F were tested in the dry condition using the

same punch radii as previously used for the lubricated specimens.

6.1.1 PUNCH DEFLECTION FOR DIFFERENT BEND RATIOS

The stretch bend deflections for the dry conditions are compared
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to those previously obtained for lubricated conditions in Fig. 44.. Steel
F 1s an unmodified 50 ksi yield strength steel and in both, dry and lubricat-
ed tests the results for transverse specimens fall to lower values than those
for longitudinal specimens, although this difference is slightly greater
for the unlubricated specimens. However, both longitudinal and transverse
deflections for the dry tests are larger than those for lubricated tests and
the difference between the two increases with increasing bend ratio at the
larger Lend ratios. This effect is due to a difference in the distribution
of strain for the two lubrication conditions as shown in Fig. 45 where strains
perpendicular to the axis of the bend, as measured from electro etched 0.09 in.
grid circles, are plotted against distance fram the apex of the bend.

For the smaller bend ratios the strain distribution in lubricated
and dry specimens are similar and failure occurs at the apex of the bend for
both conditions. However, for bend ratios greater than about 4.0 (i.e.
.375 in. punch radius for this steel) the failure site moves fram the apex
of the punch and occurs uhder twiioile cgnditions in the sides of the bent
specimen and in some cases at the junction with the clamping jaws (Fig.46).
This type of failure is different from the edge cracking at the punch-
specimen junction sometimes ehcountered in lubricated specimens at large punch
radii. 1In these unlubricated cases failure occurs in a tensile mode, with
considerable width strain, roughly half way between punch and clamping jaws.

This can be attributed‘to the increased frictional resistance to
stgaining over the punch radii in the dry specimens at the larger bend ratios.
Under these conditions straining is restricted over the punch radius as can
be seen from Fig. 45 and the major portion of straining and failure occurs

in the side arms of the bend under friction free plane tensile conditions.
]
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In Fig. 47 the R of W for dry and lubricated specimens are oompared.
As expected, R of W at the apex of the bend at fracture in dry specimens
deviate to lower values than in lubricated spekaens (i.e. the strain path
is closer to plane strain) at low r/t values. At larger punch radii than
about 0.375 in. (i.e, about r/t = 3.0) in Fig. 47 the results for the two
conditions are not comparable because of the change in failure site in the
dry specimens.

Since the stretch bend test is of little value, if failure occurs
well away from the punch radius in a tensile mode Qith considerable width
strain, the use of unlubricated tests is restricted to the smaller punch
radii where, unfortunately, the test.appears to be less sensitive to steel
quality, as measured from the differences between longitudinal and transverse
defections. In general, therefore, it appears that some lubrication is

necessary to obtain best results from the test.

6.2 EFFECT OF SPECIMFN WIDTH

6.2.1 PUNCH DEFLECTION FOR DIFFERENT BEND RATIOS
\

An alternative possibility for reducing width strains in the
stretch bend test is the use of wider specimens, To investigate this,
number of tests were carried out with steel E :giqg 1in.,2 in. and 3 in.
wide specinen; and punch radii of 0.125 and 0.50 in\ The results are shown
for machined edge specimens in Fig. 48. Punch defleé‘ions were similar in

the 2 in. and 3 in. specimens but were slightly lower in 1 in. specimens.

6.2.2 EFFECT OF SPECT'EN WIDTH ON WIDTH STRAIN

The overall reductions in width obtained and the local width strains
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TABLE 6

EFFECT OF SPBECIMEN WIDTH ON WIDFTH

STRAIN~--MACHINED EDGE SPECIMENS

y STEEL E
SPECIMEN

WIDTH REDUCTION OF WIDTH %

PUNCH RADIUS

.125" .500"

1" 8.00 20.5

8.30 22.5

2" 6.20 15.7

5.80 15.3

3 4.20 13.5

5.40 14.4

—— LONGITUDINAL SPECIMEN
——  TRANSVERSE SPECIMEN
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measured on .09 in. grid circles at fracture showed only a small increase
with decreasing specimen width at the .125" punch radius, but at the .50 ain.
radius although there was little difference between 2 and 3 in. specimens
the values in the 1" specimens wé;; much higher (Fig. 49). At these larger
punch radii width strains are significant (e.g. 15% reduction of width in
Fig.40 ) and the test does not approximate to plane strain conditions.
However, although 2 in. specimens are significantly better than 1 in.
specimens, there appears to be little justification for using 3 in. speci-

mens under these conditions. TABLE 6 gives the value of the Width Strains.

LY

6.3 DEVELOPMENT OF STRAINS DURING THE STRETCH BEND PROCFSS

Long.strains inside and outside the bend were measured along the
longitudinal axis of the sheared edge specimens of steél G deformed to
1.34 in. by .250 in., .500 in., .750 in. radiused punch and the results
are plotted in Fig. 50.

An attempt is also made to see the effect of specimen thickness on
the distribution of strain in Stretch Bend processes; The results are
plotted in Fig. 51 . These results cannot be compared with any degree of
accuracy because of the large variations in yield strength level of the
steels. More work is needed before any conclusion can be framed.

But the results of Fig. 50 and Fig. 51 confimms the earlier work
of Uko (37) that stretching is the main deformation process during Stretch
Bending even well before the crack starts initiating when deformed by

larger punch radii.

6.4 EFFECT OF SPECIMEN SPAN

The stretch bend testing apparatus used was designed to allow the
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use of two spans between the clamping jaws (dimension A in Fig. 14). These
spans were 3.875 in. and 6.25 in. In all the work reported in the body of
this thesis, -a span of 3.875 in. was used since thi‘s was the value used

by Uko (37) and Melbourne (36) and it was thought that comparison with
their results might be invalidated by using the larger span. However,
workers at United States Steel have recently been making use of the stretch
bend test-using an apparatus with a very large span and reporting good
sensitivity to elongated inclusions even at relatively low sulphur and
strength levels (38).

As a oconsequence of this, same stretch bend tests were carried out
in the present work using the lqrger 6.25 in. span. These were carried out
on steel F, the unmodified 50 ksi yield strength steel. Tests with the
smaller span on this steel exhibited small differences only between longi-
tudinal and transverse samples (Fig. 27).

The results are shown in Fig.52 . They lie to larger deflections
than those at the smaller span as expected but more importantly, with one
anomalous result, the difference between the curves for longitudin;l and
transverse specimens is much more definite than for the shorter span,
particularly at the larger punch radii.

The reason for the improved sensitivity for the larger span may
be simply related to the overall larger deflections obtained which reduce
the influence of errors in the deflections obtained which reduce the
influence of errors*in the deflection measurements (e.g. errors in the
zero position).

At the larger punch rédii the ratio of. specimen deflection to
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span is lower for the larger span. In addition in transverse specm'en

edge cracking does not occur at the apex ¢gf the bend in these cases but

in the regions away from the apex at the boundary of punch contact. This
suggesté that, at least at the 1argerlradii where the largest difference
between longitudinal and transverse deflecti%s is found, the benc?ing de-
formation in the stretch bend test is of limited ‘importance in distinguishing
between steels of different quality. At the smaller punch radii, failure
occurs at the apex of the bend and the bending mode is clearly influential.
However, under these conditions the difference between longitudinal and
transverse specimens is small. \

Taken to its logical conclusion this would indicate that the tensile
part of the defor;nation is of most importance in optimising the sensiti';/ity
to elongated inclusions and the punch bending serves only to assist in
obtaining approximately plane strairi conditions and in locating the position
of fracture. Z‘\i‘ plane strain tensile test on a sheared edge specimen would
probably be ecjually useful in distinguishing steel quality provided the
position of crack initiation.could be fixed so that useful strain measure-
ments ocould be made (the notched tensile test would come into this category

if the notch acts as a crack initiator).

”

-
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CHAPTER VII

CONCLUSIONS

LN
From the literature available, it can be said that in the presence
of significant amount of elongated inclusions, geometric instability

is not a major factor limiting the formability of HSLA sheet steels.

During shearing, elongated inclusions has significant infl_uence on
blade penetration. The blade penetration could be related to material
ductility in a general way.

The punch deflection at maximum load in Stretch Bend+Test can be used
to distinguish between steels with and without elongated inclusions

\
although the sensitivity of the test is poor for steel of lower

PR _/- P T RS T

strength levels and inclusion content and at lower bend ratio.

Elongated inclusions only make their presence felt in specimens with
sheared edges where crack initiatiné microcracks are present in the
shear burr. The specimen span of 3.875 in. is inadequate to detect
the influence of elongated inclusion in machined edge specimen, How—

ever sheared edges are neéessary for optimum sensitivity.

R e

Local strains at fracture in both tensile (EL, R of A) notched tensile
(EPN) and the stretch bend test (eg. Rof W, Rof T or EB) give a
reliable indication of the presence of elongated inclusions. However, -
the difficulties involved in taking these measurements limit their

usefulness for quality control work.
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Edge cracking is associated with Transverse sheared edge specimens
of unmodified steels while centre cracking is characteristic of all
the other cases studied. At large punch radii the fracture behaviour

becomes more complex because of the increasing importance of friction.

The punch deflection in the stretch bend test increases with increasing
drawability index (r value) and care should be exercised in intexr-—

preting test results for steels having unusual r values.

The hole expansion limit in the hole expansion test is very sensitive
to the presence of elongated inclusions even in steels of low yield
strength. It is an excellent parameter if the absence of elongated

inclusion is the aim.

It can be an advantage to normalize for variation in composition and

microstructure between different steels by plotting the ratio of

eeme ... Trans./Iong. properties when trying to illustrate the steel quality

10.

12.

effect.

Considerable width strain is observed in the stretch bend tests and

. e e . . : ?
there is a little justification in using large width specimen. -

Some lubrication between punch and specimen appears to be essential in
the stretch Efnd test particularly at the larger punch radii. In un-
lubricated tests failure tends to occur in a tensile mode in the

friction free arms of the bent specimen.

Limited results in the present work indicate that the difference bet-
ween longitudinal and transvéxge punch deflection (ie. the sensitivity

¥
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of the test) for steels containing elongated inclusions increased

with increasing span between the clamping jaws.

Stretch bend behaviocur of Steel D is not very clear.

The author strvngly feels the necessity of further work

before Stretch Bend Test can be established as a Standard Quality

Control Test for predicting the formability of HSLA sheet steels,

especially in the following areas:

1.

Stretch Berd Testing of Machined edge and sheared edge
specimens of HSLA sheet steels with and without sulphide
control, using larger test span (6.25 in.).

Strefch Bend Test;ng of HSLA sheet ste?ls with unusual

drawability index (r value) and the detailed study of

the fracture behaviour. Steel D falls into this category.

Establishing a standard method for the measurement of
local strains at ffgcture. .

Optimm dimensions of specimen span, width and thickness
and bend radii with respect to the actual press forming

of the components.

An analytical model relating local strain at fracture (R

- of A, EL) in Tension test, punch travel at maximum load

(stretch bend test) and yield strength would also be

invaluable.

-
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