THE SPR1ING RESEARCH AND MANUFACTURERS' ASSOCIATION

THE COILABILITY OF PATENTED HARD DRAWN
CARBON STEEL SPRING WIRE

First Progress Report

The Elastic Properties of Spring Wires
and their Correlation with Coilability

by
L.F. Reynolds, M.Sc. Tech., C.Eng., M.I.M.

Report No. 323

. MARCH 1980



THE SPRING RESEARCH AND MANUFACTURERS' ASSOCIATION

Report No. 323

THE COILABILITY OF PATENTED HARD DRAWN
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SUMMARY

First Progress Report

The Elastic Properties of Spring Wires

and their Correlation with Coilability

The elastic properties of several patented hard drawn steel wires
of known coilability have been investigated in detail. The work
has shown that, within any one tensile range of wire, "good"
coilability was consistently associated with a relatively low
proportional limit, a relatively high rate of work hardening and
a relatively high hardness. The tensile stress/strain curves
obtained for wires of "good" and "poor'" coilability thus inter-
sected at true strains lying within the range 0.005-0.01 in the
present instance. Calculations have shown that similar inter-
sections may have led to the inconclusive results obtained in the
past where attempts have been made to compare wires of '‘good" and
"poor'" coilability in terms of their prootf étress properties in

tension, such as Rp 0'01vao_05 etc.

A simple springback test has successfully differentiated between
wires of "good" and 'poor' coilability, the former wire being
consistently associated with relatively high values of springback.
It is suggested that the springback test may merit further invest-
igation, as a possible means of differentiating befweeﬁrwires of
"good" and "poor'" coilability in the future.
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INTRODUCTION

Variation in dimensions during coiling of helical compression
springs has long been acknowledged as a significant problem,
with which spring manufacturers have to contend, Ideally,
once a coiling machine has been carefully set up, the springs
which are produced should fall without exception into the
dimensional range allowed for in the appropriate specification,
such as BS 1726 part 1 1964. The coiling process can then be
left to continue automatically, For example, with springs
having a free length of 50 mm and an index of 7.5 the BS 1726

mately 1 mm on the original free length of 50 mm. When the
free length is not adjusted on the 00111ng machine during the
“manufacture of sprlngs from wire of "poor" coilability, the
maJorlty of the sprlngs may fall out51de the spe01fled limits
unless continual resettlng of the machine is carried out. Such
resetting can be a time consumlng operatlon and is therefore a
very costly method of allev1at1ng the dlfflculty, especially

. where ”shortterm” varlatlon ‘rather .than "long term" drift

u:"forms the bulk of the problem e As -2 consequence the natural

tendency of the sprlngmaker is to reject the w1re as "bad" or
_”unc011able" In most cases such material. w111 conform in
_'general to. the approprlate sprlng wire specification in terms
of ten31le strength bend .and torsion tests, and hence the '

“%‘sprlngmakerrw111 be faced w1th material- whlch—te‘W1th1n ;

Wﬂspecificatlon and yet which cannot .be coiled,



—o_

Whilst there have been several attempts to identify important
variables of the comllng process 11:se1f(1 -4) there have been
only limited investigations into the effect of material proper-
ties upon the coilability of wire. In the most comprehensgive
of these investigations Shipley examined statistically the
relationship between the physical properties and the coila-
bility of En 49B range 1 gquality patented hard drawn carbon
steel spring wire(s). He deduced that whilst the mean free
1ength'of the springs, which can be controlled by the spring-
maker, could be correlated quite closely with the Rp0.01, Rpo.l
and Rm' the short term variability in the free length (i.e. the
coilability), could be similarly correlated with only one
physical property, namely RpO.Ol' He concluded that good
coilability, when understood to mean acceptable short term
variability, was associateq with low values of Rp0‘01. As he
stated however, this property is not easily determined, and the
actual values are dependent to some extent upon the sensitivity
of the equipment used for their determination, and also upon
the judgement of the investigator in the interpretation of the
tensile load/extension graph.

The coilability or patented, hard drawn carbon steel wires has
more recently been the subject of an investigation at SRAMA(6)
Th;s work has culminated in the development of a coiling test,
involving‘wrapping of the wire around a mandrel which is rotated
at a chsfant speed by means of a lathe. The test results in
the formation of a close coiled helical ”spring" the pitches

of the "good" and the "poor" coilability wire belng of even and

uneven spa01ng respectlvely

i

Prellmlnary 1nvest1gat10ns durlng ‘the present work 1nvolved a
‘determination of the residual stresses present 1n "01rcllps"
which‘were c¢ut ' from ‘the coils thus generated for w1res of
‘equivaleéent grade “and dlameter, which were known to exhlblt the
‘appropriate - characterlstlcs of "good" and "poor"'001lablllty
At constant “strain, the magnitude of the re51dua1 stresses

would *dépend’ up6n the elastic propertles of the mat
course, wires “6f 'high elastic 1imit g1v1ng"borrespond1ng1y
higher values of residual stress.



~3-

Consequent upon the results of the residual stress determina-
tions, it was intended that a thorough investigation of the
tensile elastic properties of wires of '"good" and "poor" coila-
bility should be undertaken.

The work of Shipley had suggested that the more usual arbiters
of elastic properties, such as Rp0.05’ for example, might be
unable to discriminate adequately between wires of "good" and
""poor" coilability. Furthermore, past experience at SRAMA had
indicated that the results of the more usual methods of
assessing the proportional limits directly from the load/
extension graph were imprecise, depending to a large extent,
upon the subsequent judgement of the individual investigator.

A substantial part of the present work therefore involved the
application of analytical techniques affording more precise
determination of the proportional limit from the tensile
stress/strain curve,

Following upon the results of the curve analyses, a relatively
simple springback test was developed, which proved to be
capable of discrminating between the wires of "good" and "poor"
coilability, within any particular wire grade and diameter, for
the materials investigated in the present work.

MATERIALS

With the substantial co-operation of sevéral member firms,
seven coils of patented hard drawn steel spring wire were
obtalned in three grades corresponding to BS 1408, each grade

of w1re contalnlng at. least one representatlve example of
”"good" c011ab111ty wire and "poor” coilability wire of equiva-
_‘1ent dlameter -The materials ‘were typical examples of wires
"obtalned to BS 1408 range 1, BS 1408 range:3 and BS 1408 M2

and hence could be said to be broadly representative “of this
particular specification. The 1dent1f1cat10n of the wire is

= showny:in- Table Iy together with the sprlngmaker 8. assessment
i of theiruicoilability., T ‘ T -
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;"After:the 001li?m"1
f”of“fﬁ¥'spr1ng maker

COILABILITY TRIALS

Materials and.Spring Design

The coilability trials undertaken in a member firm were
carried out using wire samples 1-3 (Table I). These wires
conformed to BS 1408, R3 in all respects but had been approp-
;iately reported by the spring manufacturer as exhibiting
"good' or "poor'" coilability properties respectively, in
their experience.

The test springs were coiled by the member firm from which
the wire was obtained, in the presence of a member of the
SRAMA Engineering.staff. The spring design, which is given
below, was that associated with the coiling difficulties

reported by the firm concerned.

Spring design for coilability trials carried out on wire

samples 1, 2 and 3

Wire diameter = 0.7 mm
Mean diameter o= 16.3 mm
Free length = 50.16 mm
Total coils = 13 1/4

Coilability trials were not carried out on the remaining four
samples due to the limited amount of wire and time available
for the metallurgical.investigation.

Experimental techﬁ{dye

Detalls of the: experimental ‘procedure employed and the results

'Lobtalned ‘during  the ‘coiling trials ‘are the subgect of a

..~ Separate SRAMA report( ). .-~In thHe ifterests of completeness

.. however, a brlef descrlptlon of the. procedure adopted 1s glven
"below o ' ' ’ ‘

o
YR TR

e A

qhine had, settled down, in‘the: experience

,athe 1ast 5 consecut1ye@springs~£fomW€aCh
successive 25 were collected and identified in sequential order
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until 250 springs had been produced., The mean free lengths
of the collected springs were measured at SRAMA using a

Nikon Profile Pfojebtor, as described in an earlier report(4).
From the free length data derived from each coiling trial,

the variance and the standard deviation were calculated for
the short term variability, the short term variance being
obtained by taking the mean of the variances of the sub-
samples.

Results

The results of the coilability trials are shown in Table II,
together with the free length design tolerance adopted by

the springmaker from whom the wire was obtained. It should be
noted that the tolerance band of -3 standard deviations (3s)
encompassed 99.8% of the free length variation.

Conclusions

From the limited results, it was apparent that the coilability
assessments made by SRAMA showed a high measure of agreement
with the sprlngmakers assessment of coiling propnerties. It

was d901ded therefore that the remainder of the work would
attempt to correlate the various physical properties of the
w1re expressed as a continuous function, with the sprlngmaker s
dlchotomous assessment of coilability.

STATISTICAL: TECHNIQUE FOR CORRELATION OF MEASURED PHYSICAL
PROPERTY OF WIRE WITH COILABILITY

The p01nt blserlal correlatlon coefflclent r B was selected
for assessmentvg fthe .correlation- between. the ‘ecoilability
dlchotomy'igood}poor) .and the_continuous measurement of the
particular physical property considered. Thé calculation and
interpretation of rpB is shown in Appendlx A, together with
explanatlons of the variance ratio test and students 't' tests
used in this report. Further 1nformat10n on these tests can

be obtained from’the relevantmliterature(7’8).
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PRELIMINARY INVESTIGATIONS

Thé'piéliminary tests were carried out largely on wires 1, 2
and 3, since thlS material had previously been tested for

cdilablllty under the auspices of SRAMA(G)

Coiling ‘Test and Determination of Residual Bending Stress
in "Circlips'" derived from Coils

These investigations followed upon previous work carried out
at SRAMA into the developmeht of a coiling test which could
visually differentiate qualitatively between w1res of "good"
and. "poor" 0011ab111ty(6)

Experimental technique

The coiling test resulted in the formation of coils of wire,
material of "good" and '"poor' coilability giving pitches which
were of even and uneven spacing respectively. Coils thus
formed from wire 1 and 2 were supplied for the preliminary
investigation. Wire 1 showed a regular pitch, whereas wire 2

exhibited pronounced variations in pitch spacing. 8ingle

circlips were cut from the coils of wire produced from

samples 1 and 2 by the coiling test. In the case of wire 2,
samples were identified separately, in terms of their position
with respect to the zones of large pitch spacing and small
pitch spacing. Measurements were made of the mean diameter of
circlips using a Nikon projector. The circlips were then

stress. rélieved at 300°C for 3 héur which caused the diameter

to decrease as the residual stress due to 00111ng was relleved.

. Thex dlameter Was “then remeasured “and’ the re81dua1 stress in

the:coils: was icalculated from the- follow1ng relatlonshlp, on

wfthe valid -assumption:that the 01rcllps were 01rcu1ar both

o before ~and afteér stress rellev1ng

I *1 AR e :
O o ER TR o e e en e (1)
1 ..,.D2 .



where
S . - 2
og = Magnitude of residual stress in bending N/mm
E = Young's Modulus, N/mm2
= 2,16 x 105 N/mm2 in nresent instance
d = Wire diameter, mm

D1 = Initial circlip diameter, mm
D2 = JFinal circlip diameter after stress relieving
at 300°C, mm -

5.1.2 Results

Values of the residual bending stresses determined are shown
in Table III. It is apparent that no significant difference
existed in the residual bending stresses exhibited by the
zones 0f varying pitch from wire 2. This information was
therefore pooled for the remaining analyses.

A marked difference existed in the residual stresses contained
by wire 1 and those in wire 2, however, the residual stresses
in the "good" wire being consistently lower than those in the
"poor". Analysis of the information, using the students

't' test for grouped data, showed that the difference in
residual bending stresses exhibited by "good" and "poor" wires
was significant at the 99.9% level of the 't' distribution.
This result was confirmed when the point biserial correlation
coefficient for all the data was ealculated.' The results of
this analysis are given in Table IV.:

5.1.3 Conclusion

The results suggested that "goq@” 0011ab111ty could be
associatéd with wires of relatiéely low elastlc propertles
since, for a constant bending straln on 00111ng, w1re exhlblt-
ing low elastic properties would glve lower 1evels of residual
stress. s

5.2 Residual Tor51ona1 Stress Varlailons 1n eremBundles

TS ERITOTR 0 o REEIY R (SRR

it

Follqwingqupon worknprevmbﬁ5$y;ﬁdf¥€éﬂ‘oﬁf*b§:ﬁ"memSEf'firm
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determinations were made of the residual torsional stress
varlatlon within the bundles of wire available for the

(9)

preliminary investigations’

Experimental technique

The bundle of wire was suspended on a horizontal rod into
which notches had been cut at regular intervals. The end of
the bundle was then opened out so as to form a large helical
spring whose coils rested in the notches. The coils were
allowed to assume their natural diameters which were not
necessarily equal to the bundle diameter. The spring thus
formed pesseSSed a pitch spacing equal to the notch spacing
aiong ifs top edge. The pitches of uﬁ to 20 coils were then
measured along the bottom edge of the spring, together with
their corresponding coil diameters. The variation in pitech,
expressed in terms of the standard deviation, Sp, and the mean

coil diameter were. then calculated. The variation in residual

torsional stress, AT, could then be calculated from the

relationship
'AT ) ¥ G X Sp e (2)
T ¢D
where )
bt =  Variation im torsional residual stress
G =  Rigidity Modulus N/mm?
D = Mean diameter of coil, mm
c = "Spring" index
= Dy -d where d = wire diameter, mm -
- —f73f7,~; ., D= Average outside diameter of coil, m
isﬁnw;fm14$?égdg#g;devigeien of pltch spa01ng values

Results

The values obtained for At for the wires 1-5 inéluSEGe are
shown in Table V together with rpB the p01nt blserlal

___“_\_,___

cofrelatlon Wlth c011ab111ty There d1d ‘not appear to be

;5‘aﬂ¥,ﬁ}gq;f1caqp‘qgrrelatlonbbetween Ar-andwcbllability.



5.2.3 Conclusion

5.

3

The absence of statistical correlation between the measured
values of At and coilability may have resulted from the small
number of tests possible, since large amounts of wire were
required for a comprehensive evaluation of this technique.
Although no significance could therefore be attached to the

correlation, the negative value obtained from rpB may have
been an indication that "good" coilability tended to be
associated with low values of At. Further work would be

necessary to adequately test this tentative conclusion however.

Hardness Testing

Hardness tests were carried out on selected samples since the
technique was relatively simple and used equipment which was
readily available in industry.

5.3.1 Experimental technique

Transverse samples of wires 1-5 inclusive, were mounted in cold
setting araldite resin which was cured at 35°C for 16 hours,
The sections were polished to a metallographic finish, great
care being taken to avoid excessive heating or work hardening
effects during polishing. The sections thus prepared were
hérdhess tested using a Vickers hardness machine with a load

of ?Q'kgf, hardness values being then calculated from the

felétionship
HV 1.824 P ... (3)
L
W ome wi b B .;‘;
T WHEre L
HV = Vickers Hardness, Kgf/mm2
P = Applied load, Kgf

L = Mean diagonal length of impression, mm .

e o

5ﬂﬁ,2u££§E££§fy“ SO+ O R AR R L ".i:* -

I I LR P

The:pESults of the hardness tests are shown in Table VI.
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Students 't' tests, carried out on the grouped data for

wire pairs 1/2, 1/3 and 4/5 showed that the differences in
hardness were all significant at over the 99.9% level of the
't' distribution. Analysis of the data in terms of their
cbrrelatipn with‘coilability gave the results shown in Table

VII.

Conclusion

In all the three cases examined, there appeared to be a
significant correlation between Vickers hardness and coilability,
the higher hardness values being associated with "good"
coilability within any one particular wire grade.

Tensile Testing

Tensile tests were carried out with particular reference to the
earlier conclusions of Shipley as mentioned in Sectlon 1 of

this report( )

Experimental technique

The tests were carried out on unstraightened wires, using a
vertical Amslér multi-range tensile testing machine, which had
been substantially modified for direct 1oad/extensioh readout
and which was equipped with an automatic x/y plotter. The latter

-was used with an extensometer having a gauge length of 50 mm.

Results

Wires 1, 2 and 3 were ihvestigated in the first instance with
the results given in Table VIII. The subsequent statistical
analyses are given in Tables IX and X.

.Conclusions

The more‘usuai”téﬁéife“élaéfic properties, such as‘proof stress
and tensile strength ‘did not appear to show any-: con81stent

correlation with coilability,
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There was a tendency for "good' coilability to be consistently
associated with low values for the proportional limit, however,
although the relationship was probablypartly obscured by the
inherent uncertainties involved with the determination of this
elastic property directly from the load/extension graph.

Implications of Preliminary Investigations

When considered together, the results obtained from the residual
stress, hardness and tensile property determinations suggested
that some disparity existed between the elastic behaviour
observed for wires of '"good" and "poor" coilability respectively,
Thus, for example, there was evidence that, within a particular
grade, wire of '"good" coilability possessed elastic properties
which were lower than those of the equivalent wire of "poor"
coilability at the relatively small strains associated with the
proportional limit measurements obtained from the tensile tests.
In contrast to this behaviour, the "good" coilability wire
apparently exhibited higher elastic properties than the "poor"
coilability wire, at the higher strains imposed during hardness
testing.

These findings suggested that a more detailed examination of
the tensile properties in general, and of the proportional
limit in particular, could throw further light upon the diffe-
rences in elastic behaviour which might exist between wires of
"good" and "poor" coilability respectively.

DETERMINATION OF.LIMIT OF PROPORTIONALITY BY ANALYSIS OF
TRUE STRESS/TRUE STRAIN RELATIONSHIPS ?OR WIRES OF "GOOD"
‘AND ""POOR'" :COILABILITY . - ;

ExperimentaineehﬁiqﬁeGY

O S

The tests were carrled out on unstraightened w1res u51ng the
technlque explalned 1n Sectlon 5.4.1, In this case however
the early part of the non-linear curve, representing plastic
deformatlon, wag to be examined in much greater. detall -and

hence the e; ctpon;g ampllflcatleh available with the 1oad/

straln detecilng and r.cordlng equlpment was. employed to

prov1de what was essentially a magnlfled representatlon of
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the elastic and initial plastic behaviour up to a maximum strain
of 0.01 i.e. 1% strain,

Analytical Technique

The tensiletest yielded information in the form of a load/
extension graph which could be readily converted into the
stress/strain plot more usually associated with the test,

In this case, the parameters were nominal values only, the
calculations for stress and strain assuming that the cross
sectional area of the wire and the initial gauge length

respectively, remained constant with increasing load, i.e.

S I  ea(4)
where
o, = Nominal Tensile Stress, N/mm2
P = Applied Tensile Load, N
A = Original cross sectional area, mm2
and
e = %& ......... .(5)
o}
Where
e = Nominal strain
L, = Original gauge length, mm
AL = (measured_length under load -_20) mm

R e .
N ER S

These assumptions were not true, of course, in that with

increasing load the cross sectional area continuously decreased
whilst the gauge length effective at any instant increased,

,hence at any load_ the true value for stress was greater than

”Ethe nomlnal value suggested whllst the true straln was

}ﬁﬁcorrespondlngly smaller than its nom1na1 equlvalent._;_

[ ”were therefo’
'}1ents-

'V“The nomlnal Stress[siraln values derived from the orlglnal“plot

od
cofiverted into thé trus’ stress/true ‘strain equiva-

ARV
?

whlch repreSented the elastlc/plastlc behav1our ‘of the
wire“at ‘any instant of the test. SR
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The true stress and the true strain values were calculated

from the following relationships(lo).

Op = O, (e + 1) e (6)
where

op = True Stress, N/mm2

Oy = Nominal Stress, N/mm2

e = Nominal Strain

and

ep = Ln (e + 1) (7)
where

€ = True Strain

e = Nominal Strain

The values of true stress, T s and true strain, Eqs thus

obtained were used to characterise the tensile flow stress
curve in terms of the elastic behaviour, represented by a
straight line, and the plastic béhaviour, represented by an
exponential relationship. The coefficients of the equations
could be obtained by appropriate linear regre581on techn1ques
The relationships could be expressed as follows '

a) Elastic behaviour

.af.T.. EET+'_C O 7 S ()

b) Plastic behaviour -

- n,
op = Aegla L L reereseea(9)
op = True Stress;uN/mm2
Epo=  TrUe Btrafm—— g a0 o3 ST
‘E° - ="Young's Modulus '~ = = .Sl oraoad
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~Co =-"Constanty (ideally zerc)
= (Constant
n,2 = Apparent work hardening exponent

Equation (9) could be converted into a form suitable for

regression analysis since

LnaT = n, In Eq + Ln A IR .(10)

Hence, a regression of Ln oT/Ln Eq yielded the respective values

of the coefficients n, and A in equation (9).

A full description of the analytical technique for the
determination of the proportional limit and the true work

hardening exponent N, is given in Appendix B.

Results of Analysis for Elastic/Plastic Properties

The results of the analyses for the respective values of
proportionallimit.ap and the true work hardening coefficient

D are given in Table XI,

The data glven 1n this table, for appropriate wires within the

_same spec1f1cat10n grade, were tested for statistically signifi-

cant dlfferences between samples from "good" and "poor"

'c011ab111ty batcnes reSpectlvely. The students 't' test for

grouped data was selected as the appropriate statistical test,
Snedecor's 'F' test having shown that the variances for the
appropriate guantities could be assumed to be independent
estimates of the same population variance. “(When Snédecor's
'F' test indicated that such was not the: case, a; modlfled 't
test was used as described in Appendlx A)

The results of the 't' test are shown in Table X1I, whilst the
point biserial correlations of the appropriate parameter with
coilability assessment are shownlinuTable~XIII;"u’f -

“From the results of the data analyses shown 4in Tiﬁie XII' and

XIII, it can be seen that in the pregegt;;nstagge?ate1east,
good 0011ab111ty was closely associated with relatively low
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values of proportional limit, op, but with relatively high
rates of work hardening, as represented by N, This conclu-
sion suggested that within any one grade of wire, theé respec-
tive tensile true stress/true strain curves for the "good" and
"poor" coilability wires tended to intersect after a certain
degree of plastic strain had occurred. The differences between
the two categories of wire therefore tended to decrease up to
and then increase after, this degree of plastic strain.

Typical true stress/true strain graphs foi the appropriate
wires of "good"/'"poor" coilability are shown in Figs 1-4, which
illustrate quite clearly that intersection of the curves
occurred at true strains varying from .0067-.0103 in the

examples shown.

Proof Stress Analysis

Appropriate true proof stress values were calculated, using the
technique given in Appendix B. The proof stress values thus
obtained are shown plotted against offset strain for the
appropriate wire pairs in Figs 5-8. The curves were fitted

by linear regression techniques and in each case demonstrate
that intersection occurred at proof strains lying within the
range 0.2%-0.1%."

Further support for this conclusion can be drawn from Tables
XIV-XVII, which show the results of calculations for the proof
stress values at offset proof strains of 0.1% amd 0. 05%

-together with thelr respectlve statistical analyses.

When the 99%, 1eve1 of 31gn1flcance is accepted as: establlshlng
a‘g;at;sp;pally_§;gplf;cant.dlﬁﬁerence'between-thehapproprlate
wire pairs, it is.immediately. apparent that no difference could
be detected at the R p0.05 proof stress level, but that one pair

-out of the four showed a 51gn1flcant difference in elastlc

RERTE H

PO O
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These findings therefore essentially supported Shipley's
conclusions that the difference in the elastic properties

.-0f the wire of "good" and "poor'" coilability, could not
" .generally be detected at proof stress values corresponding

to offset proof strains in excess of 0.01%.

Conclusions

The work has suggested that '"good" coilability in patented
hard drawn carbon steel wires can be consistently associated
with

1. = relatively low values of the proportional limit and

2. relatively high rates of work hardening as represented
by the true work hardening coefficient N,

The correlations with coilability were generally significant

at the 99.9% level of the 't' distribution although the reasons

for the association between coilability and the elastic/plastic

properties are not yet clear.

The work has shown that the combination of elastic/plastic
properties leads to intersection of the tensile true stress/
true strain curves at strains lying within the range 0.0067-
0.0103 in the examples considered.

Sfétistical_analysis of the results further suggested that
the differences in the proportional limits of "good" and '"poor"
coilability wires, were generally less than 200 N/mm2 and that
they could be as little as 75 N/mm2 for wires in the lower

end. 0f the: tensile range ‘i‘e. range 1. ' Théese relatively
small’ differences therefore: required Sensitive analytlcal

techniques for their cons1stent detection.

i o R T R

Exapigat;cqﬁgﬁ;ppe;p:ooiygﬁygss,values.obtained,by-analytical

techniques from the true stress/true strain relationships has
cpnf;rmeqrsgigley's findings that the usual elagtic properties

measured in the tensile test, 'such as R would probably

0,05
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be incapable of con51stent1y differentlatlng between W1res of
"good" and "poor“vcoilablllty '

MEYER ANALYSIS OF WIRES 1 AND 2

In view of the small but 51gn1f1cant differences in work
hardening rate between wires of "good" and '"poor" coilability
respectively, wires 1 and 2 were investigated by means of the
Meyer analysis technique, the use of which is well documented
in the general llterature(lo)

Experimental Technique

Meyer proposed an empirical relationship between the size of
the indentation d produced by a spherical indentor under an
applied load P.

The relationship is usually termed 'Meyer's law' and can be
expressed as follows

P = kd e .. (11)
where

P = Applied load, Kgm

d = Dlameter of 1ndentat10n mm

n' = Meyer straln hardenlng exponent

k = a material comstant - . 7"

The Meyer exponent n' can thus be ea311y ocbtained, be1ng the
slope of the straight line produced by plotting log P/log d.

It is known that

SR A EA B

n N - )n' haad 1 l . ‘. .

. T K st 2 b

R L i { 1 EEIES
where . ;

nf s IPpye - work hardening exponent )

. PR 3 3 IR I R w-;';'f,:- Lo dio
s‘lu \*.a Bl .jli..“ Y H }ﬁ,ut L»i A2 ;i R ¢ .

.Hencewwagknowledge ofin'hshoubdgpermlt ‘aniéstimate fb“be made

of the magnitude of . e Gorsnad L tmple
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_The appr0pr1ate w1res were prepared as prev10usly shown in
Section 5.3.1. The analys1s was carrled out by means of a
Vickers hardness testing mach1ne u81ng a 1 mm dia hardened
steel ball indentor with loads of 15, 20 and 25 kg. ' The
diameter of the 1mpr6551ons was measured using the ocular
feyeplece attached to the machlne

Since the wires were only 0.7 mm in diameter, it was only

- possible to indent each microsection once. Several wires
could be cold-mounted simultaneously in one araldite mount ,
however, thus permitting the full range of loads to be applied

to the wires.

- Results and Conclusions

The following values were obtained for n'.

MNire 1: n° 2.208 -

I

Wire 2: n' 2.306

~The difference between n' for these two wires was an order of
magnitude smaller than that detected by Ny (see Table XI)
implying that the Meyer analysis was not sufficiently sensitive

to consistently detect the relatively small differences in .

The work using this technique'was thefefore discontinued

BEND TEST FOR MEAbUREMENT OF SPRINGBACK IN WIRES OF "GOOD"
AND '"POOR'" COILABILITY

‘Introductlon :

‘ i EL NIRRT

The results of the tensile analyses suggested that the.
appropriate true stress/true strain curves for the wires of

;n:'jgood"” and “poor" coilability respectively, 1ntersected at

.........

true strains lying within the approximate range 0. 005 0.01.

This clearly implied that the flow curves diverged agaln at
strains in excess of 0. 01 thus suggestlng that deformation

of the wires to stralhs sufflclently above or below this

. Value could.lead to measurable différences iin: ‘subsequent

elastic behav1our . CLol e shufigmaa vsl
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Initial experiments were carried out using a bend test for
the measurement of springback after the wires were bent
through a known angle over a mandrel of known diameter. This
technique was particularly convenient in that the maximum
strain in the surface of the wire could be easily estimated

since

LT oTe— (13)
where

€eg = Maximum strain in surface fibres of wiré

d = Wire diameter, mm

D = Mandrel diameter, mm

Experimental Technique

The springback of the wires, in degrees, was measured after
bending in the direction of the cast over a 25.4 dia mandrel
through an included zangle of 900. A mandrel of this diameter
gave a maximum surface strain which varied from 0.026 for the
0.7 mm wire, to 0,059 for the 2.5 x 1.6 mm flattened wire
section. These values proved quite adequate for discrimi-
nation between wires and "good" and "poor" coilability in the
present instance. It is possible however, that the discrimi-
nation could be further 1mproved by ontlmisatlon of the rela-
tlonshlp between wire dlameter and mandrel dlameter

Thevinitial tests quickly revealed that ‘significant differences

‘exigted in: the springback behaviour of ‘the wires.:: -The

differences were small in: magnitude, however, Béing tyDically
of?the?order‘of=7 for the 0.7 mm wire and only 2° for the

235"k Lv6 mm section wire, v so . ol wnd

To detect such SQall differences consistently itQﬁés necessar&'
to arrange for the wire and the zero reference poiht of the
bénd fester to form part of a battery/indicator electrical o
circuit. This increased the precision when setting the zero
reference point before bending and when measuring the spring-
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back angle from the same reference point after bending,
Originally this technique resulted in further difficulties

n. that .arcing regularly occurred at the steel wire/brass
wreference contact interface leading to oxidation of the steel
and. loss of electrical conductivity of the steel wire surface.
This difficulty was circumvented by cleaning the wires with
very fine abrasive paper, after which they were flash copper
coated by immersion in a dilute copper sulphate solution which
was slightly acidified with dilute sulphuric acid, The
electrical circuit was thus essentially completed by a brass/
copper contact, resultlng in a lower contact resistance than

the original brass/steel contact.

The consistency of indication was found to be yvet further
improved when the wires were coated with Electrolube contact
fluid which tended to reduce arcing and subsequent oxidation
of the two contactlng surfaces as the c¢ircuit was repeatedly
made and broken, The general arrangement of the bend tester

and a38001ated equipment is shown in Fig. 9,
Results

The :results of the bend test are shown in Table XVIII and
Fig, /10, whilst the statistical analyses are shown in Tables
XI1X and XX.

It 1s 1mmed1ately apparent that a hlgh correlatlon ex1sted
between the results of the spr1ngback test and the spring-
makers;assessment,of coilability, the wires of "good'" coila-
bility being consistently associated with relatively high
angles ;of springback within any particular wire grade. : This
findiﬁg tends: to support the conclusions of the tensile data,
namely that the flow curves of the "good" and "poor" -coila-
bility wires intersected and then dlverged again at stralns
in exdess of " approx1mately 0.01. '
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Conclusions

The wires of "good" coilability consistently exhibited a
higher angle of springback than wires of a similar grade
which possessed "poor" coiling properties, after bending
through 20° to surface strains greater than 0.025 in the

present instance. Furthermore, the correlation between

springback angle and the springmakers assessment of coila-
bility was consistently significant at the 99.9% level of
the 't' distribution.

DISCUSSION

Of the six techniques considered in this report for the assess-

ment of elastic properties, four showed a consistent correlation

with wire coilability. These four tests could be summarised

as B

1. The analytical tensile test.

2. The assessment of residual stress in bending after forming

into cirelips.

3. The measurement of the angle of springback after bending

through 900 over & mandrel df known diameter.
4, The Vickers Diamond hardness test.

Detailed ana1y51s of the true stress/true strain results

obtained from the ten811e test showed that "good” 0011ab111ty
was’ assoclated w1th a low proportlonal 11m1t and a hlgh rate
of work hardenlng (The terms ”1ow" and "hlgh" are purely

relative to those for the wire of "poor" coilability 'in. the
. bresent context) ﬁ.,ﬂ.},tf;fhe;(-,ﬂ{‘idés,-._nce of ‘the present work further
gggggested that;?@? Q;fferencgs,between the tensile elastic
,ﬁproperties of "good" . and "poor'" coilability- wires were too

small for con31stent detection .using the more:-generally employed

~-——nominal stress/straln information derived directly from the
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load/extension curve. This appeared to be at least partly

due to the fact that the proportional limit could not be
established directly from the curve to the required level of
precision, whilst differences in the elastic properties,
represented by the appropriate proof stress values, tended to
be reduced as a result of the intersection of the tensile
curves, for wires of ''good" and "poor" coilability, within the

plastic region of the curve.

The information derived from the remaining three tests given
above (items 2, 3 and 4) appeared to support the findings of

the tensile analyses. Thus measurements of the residual stresses
induced in the formation of "ecirclips" confirmed the lower
elastic properties of the '"good" wire, where the elastic
properties are here represented by the true proportional limit,
whilst measurements of springback indicated that the "good"

wiie had higher elastic properties at high strains. Furthermore,
the hardness test, which can be considered to involve plastic
deformation under conditions of high localised compressive
strain, also implied that wire of '"good" coilability exhibited
the higher elastic properties at relatively high strains, as
suggested by the intersection of the tensile curves for wires

of "good" and "poor" coilability.

These findings do not explain why hard drawn carbon steel wires
of relatively high proportional limit should prove more
difficult to coil although they may suggest that a simple,
rapld test, such as the springback test, could in theory
dlfferentlate between those wires whlch w111 coil readily and
‘those whlch may only coil w1th greater dlfflculty

-.FurthermOre,fthe reasons for the higher proportional limit,
iassbciated with "poor" coilability, are not yet clear, although
the. combination of higher proportional limit ‘and lower tate of
-work:hardening suggests that a -form of strain ageing ‘mechanism

may jberat-least: partly respon51b1e for the’ phenomenon.'

ERLINI Lot B UNPUE SRS b MRS

Such a mechanlsm of dynamlc straln ageing was held to bhe
respons1b1e for similar effects which were observed by Evan et al,
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who investigated the influence of warm straining on the
physical properties of a lead patented entectoid carbon steel
wire which had been hard drawn by 77% R. of A., to give a

final diameter of 5 mm(ll).

They found that warm straining
the hard drawn material by 1-2% in tensidn at a temperature

of BOOOC, followed by immediate cooling to room temperature,
resulted in a significant increase in the elastic properties,
as represented by the proportional 1limit, but that the tensile

strength was relatively unaffected by the process,

Subsequent analysis of their data at SRAMA, using the technigque
"outlined in Appendix B of this report, has revealed that warm
straining increased the true proporticnal limit, o_, from its
initial value of 990 N/mm2 to a final value of 1378 N/mmz,
whilst simultaneously reducing the true work hardening exponent,

N, from 0.091 to a final value of 0.032.

The fact that Such alterations in the tensile elastic/plastic
properties were readily induced by a simple warm straining
process implies that similar, perhaps equally extreme, variat-
ions in elastic properties could be induced by inadvertent
temperature increases during the wire drawing process.
Recognition of this implication in the wire drawing industry
has, in fact, led some sections of the industry to develop
techniques of Watef'cooling which_can be applied directly to
the wire during drawing. Apart from helping to avoid the risk
of reduced torsional ductility“often associated with the marked
increases in elastic properties incurred by increases in wire
temperature.during drawing, such cooling techniques also permit
the use .of higher drawing speeds, resultlng in an increased
Tproductlon capa01ty(12 13) B '
It is therefore possible that, inwthe case of the present work,
the higher proportional limits-and reduced work-hardeﬁing
.exponents associated with poor .coilability could have resulted
erom phenomena similar to those resulting from the- wirm strain-

T

ing investigations given above, w:oi i Lo Teinio o 0T
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Furthermore, it is possible that poor coilability may be
associated with variations in elastic/plastic properties along
the length of the appropriate wires, although it has been
suggested than an important part may also be played by the
total elastic/plastic strain energy absorbed during the

(14)

will be necessary, however, if these aspects of poor coilability

deformation accompanying the coiling process Further work

.are to be understood more fully in the future.

GENERAL CONCLUSIONS OF WORK

1. The more usual arbiters of tensile elastic properties
were not sufficiently sensitive to consistently differen-
tiate between wires of ''good" and "poor' coilability.

2. "Good" coilability was consistently associated with
higher values of Vickers pyramidal hardness, the
correlation between the two factors being significant
at over the 99.9% level of the 't' distribution.

3. Detailed analysis of the true stress/true strain tensile
flow curve revealed that "good'" coilability was consistently
associated with relatively low values of the true propor-
tional 1limit and with relatively high rates of work hardening.
The correlation between '"good' coilability and the true
proportional limit was consistently significant at the
99.9% level of the 't' distribution, although the reason for
" the correlation is not yet clear.

4. The tensile true stress/true strain flow curves of the wires
of "good" and "poor" coilability investigated in the '
presenf work intersected at strains lying within the approx-
imate range 0.005-0.01.

5. Analysis of the true stress/true strain data indicated that
- intersection of the flow curves, for wires of 'good" and
~ J'poor’: coilability, -occurred at proof strains within the

“—range 0.02%-0.1% in the present instance.
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This behaviour suggests that. the more usual measurements

of elastic properties, such as Rp0 05° Rpo.l’ etc., would
be unable to consistently differentiate between wires of

""'good" and "poor" coilability.

6. Meyer analysis was not sufficiently sensifive to consist-
' ently_detect'thq difference in the work hardening rates
of wires of "good" and "poor" coilability,

7. A simple springback test has differentiated between the
wires of "good" and "poor" coilability, the former wires
consistently having given a higher angle of springback than
the latter wires within a given tensile range of the spec-
ification. The positive correlation between Ygood" coil-
ability and angle of springback was consistently significant
at the 99.9% level of the 't!' distribution.

11, RECOMMENDATIONS

1. Further work should be carried out to investigate the
reasons for the association between "poor" coilability and
high proportional limit. '

In partiéular further work should be carried out to detect
any variations in elastlc properties along the length of
wire of "poor" coilability. '

2. It is éﬁggésted that the springback test and the analytical
proportlonal limit will be the most suitable technlques
for detectlng such differences. Since any varlatlons may
be small; the, springback test may requlre ‘further refinement
to increase;its sensitivity and to reduce” systematlc
experimental errors.

3. At the time of iwriting, infdrmation~con6erning”%ﬁe spring-
back and tensile properties of spring wires is not generally
available in a f0nn sultable for the predlctlon ,of coil-

Mablllty?propert1es The achISltIUh of thlS 1nformat10n is
likely to be a long term process and should therfefore be
expedited in order to make such predictions possible in the
future, |
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. The basic reasons for the differences in elastic properties

between wires of ''good'" and "poor" coilability require
investigatioh if positive action to improve the coilability
properties of patented hard drawn steel spring wire is to
be considered in the future. Such investigations may
involve the determination of compositional variations,
interlamellal'pearlitespacing, strain ageing and/or the
assessment of the residual stresses present in the drawn

wires.
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APPENDIX A

Statistical Techniques

Statistical Inference using the Point Biserijial Correlation
Coefficient

The Point Biserial Correlation coefficient rpB, can be used
to assess the degree of correlation between two variables,
one of which varies continuously whilst the other variable

forms a dichotomy, i.e. a '"pass'" or '"fail" characterisation.

In its most general form, r can be calculated from the

pB
relationship,
N £ Y) - N rfy
rpB = t ( P ) p ( > (1)
2 4

/pr.Nw.[Nt (£fY%) - (zfY)“]

where

Y = Value of continuous variable assessed

Nt = Total number of Y values assessed

Np = Total number otf Y values corresponding to a
""pass'" in the particular test for X (e.g. good
coilability, X = 1)

Nw = Total number of Y values corresponding to a
"fail'" in the test for X (e.g. poor coilability,
X =0)

fp = Frequency of the Y values passing the test X
for the particular value of Y.

f = Total frequency of the Y values assessed for

the test X, for the particular value of Y.

If we put the values of the continuous variable equal to Y,
and the response to the test (coilability) equal to X, then we
can say that Y will have some value corresponding to a value
of X = 1 (good coilability) or X = 0 (poor coilability).

In the present case, each discrete value of Y can be associated

with only one discrete value of X for a particular coil of wire,
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since the wire either will coil or it will not, i.e. as

stated above.

X = 1 (good coilability)
or
X = 0 (poor coilability)

Hence, for any particular Y value,

The above general relationship can therefore be simplified
to

N IY - N 1Y
t P e (2)

—/‘/-Np'Nw [Ne(2v2)-(1v)2]

A particular advantage of the point biserial correlation

I'pB

coefficient lies in the fact that rpB is a special case of the
Pearson product-moment coefficient, r, which is more usually
associated with the assessment of linear regression relation-

ships.

As a Pearson's correlation coefficient, therefore, rpB can be
tested for significance via the student's 't' distribution to
assess the probability that the observed value of r pB might

have arisen by chance. Hence,

g N2 (3)

The resulting value for 't' can then be tested in the usual
way for (Nt—2) degreeés of freedom, using the standard tables
for the percentage points of the 't! distribution, which are
widely published in the literature.

This technique of correlating a continuous variable with a
dichotomous variable is described more fully in the llterature
which should be consulted for further 1nformat10n( )
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Snedecors F Variance Ratio Test and Students 't' Test

The students 't' test makes three assumptions about the

available data.

1. The original observations are normally distributed.
This can usually be assumed to be the case, if a large
enough number of observations is taken.

2. Each observation Is independent of all the other
‘observations. A little thought given to the experimental
design can usually ensure that this condition is met.

3. The two variances obtained from the two sets of data
can be assumed to be independent estimates of the same
population.variance. This assumption is more important,
in thaf it ééh Be shown that large differences in variance
can lead to serious errors in the inferences of significance
made by the use of the 't' statistic.

Variance ratio test

F = Gre

The validity of the last assumption given above can be
ascertained by use of the variance ratio, or Snedecor's 'F'
test, which is calculated from the relationship

1 2
)8
F = ™~ e (4)
( n, ) 822 :
n,-1
where
n ¢
2 > 2 2
(21957 2(—2) s
ny 1. . ny=l 2
-2 2 .
and S;° ~and S, are the sample variances for n, and n

1 2

Poit

s Rl

ater variancé estimate
Lesser variance estimate
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The value obtained for 'F' can then be checked against the
published tables for the appropriate significance levels of

the variance ratio, using n,-1 (horizontal scale) and n2—1

1
(vertical scale) degrees of freedom.

Students 't' Test when 812 = SZE

This test applies when the requirements of the variance ratio

test are met.

Then 't' can be calculated from the relationship

X] - X9
t =TT T e {(5)
2 2
P/(nlsl + nzs2 ) (l £ 1)
n n
n, + n, - 2 1 2

where il and iz are the sample means. The significance of the
differences in the mean values Xy = X5, can then be ascertained
in terms of the probability that the difference could have
arisen by change, by comparing the calculated value of 't'
against the published tables for this functiomn, for v= (n1 + n

2
-2) degrees of freedom.

1 2

Modified 't' Test for Sl ¥ SZ—

When the sample variances cannot be assumed to be independent
estimates of the same population variance, the 't' test can be
applied in the following modified form,

The modified 't' statistic, 't*', is calculated from the
relationship

Xq4 = X L
1 o
* = 2 ~  da st es e (6) .
t ,
5.2 .2 ‘
1 + °2
/oy oy

and the modified degrees of freedom, f, are éalculéted,"



1 = S14 + S24 ceeean (7)
T k? n,% (n, - 1) k% n,% (n, - 1)
where
k = S12 + S22
ny By

The resulting values of 't*' and 'f' are then compared to
the published values of 't' and 'v' in the usual way.

Further information on these t;sgs can be readily obtained
from the published 1iterature( g ).
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APPENDIX B

Analytical Technique for determination of Proportional Limit,
True Work Hardening Exponent and Proof Stress

Technigue

A brief explanation of the technique may be useful.

The elastic portion of the tensile flow curve may be
represented by an expression of the form

Op = E € + C e (1)
where
2
Op = True Stress, N/mm
ep = True Strain, mm/mm 4
g
E = Youngs modulus, = T
deT
C = Constant (ideally, C = 0)

Similarly, the plastic portion of the curve can be represented by

an expression of the form

- n
O A er 2 Cteaeae (2)
where

n, = Apparent work hardening exponent

(The greater the value of n_, the higher the
rate of_hardening)‘

A = Constant

- Proportional Limit, op

Since the true proportional limit is the point at which
expressions 1 and 2 intersect, then, at intersection,

n . - . R
A - - C = L )
Ep a - E €p ¢ | (3
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where

Ep‘-= True strain at proportional limit.
Equation 3 can be solved to obtain the value of ep and hence

Up can be subsequently easily found, since

Q
I

True proportional limit

n
S 4
ey B (4)

.

True Work Hardening Exponent, No,

The above value of n, the apparent work hardening exponent,
is calculated using the sum of both the elastic and the
plastic strains. The true work hardening exponent, however,
only considers the plastic strain, and hence

— 1]
Op = A (ET(T) - Ep) T L e (5)
where
A = Constant
ET(T) = Total (elastic + plastic) true strain

&)
n

True (elastic) strain at proportional 1limit

Total elastic strain
Hence nn can be found as the slope of the plot Log cT/Log
(epery = ©p)

Proof Stress, o,
S Ty

The true strain at a true stress corresponding to a given
offset strain can be found from the relationship :

n ' _
AeRa——E eR+(E eO—C)— 0 A D

Wwhere .
8o g bfoof sfrain
100

~
i
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e = - True strain at true proof stress, UR

and A, E and n_ are as shown previously

Hence the true proof stress can be determined, since

_ n
o = A R 2



TABLE I WIRES INVESTIGATED AND ASSESSMENT OF COILABILITY
o1 1it Nominal Samnle Springmakers assessment
Wire quality wire size, mm No. of coilabilitv
BS 1408 R3 0.71diam. G Good
p Poor (variable free length)
POOI‘ ( n " " )
BS 1408 M2 0.76 diam. 4 G Good
5 P Poor (variable free length)
BS 1403 R1 2.5 x 1.6 C Good
f}attened P Poor (variable coil diameter)
wire
TABLE II RESULTS OF COILABILITY TRIALS ON BS 1408 R3 WIRE
Wire |Mean free Short term Springmakers
No. | length,mm free length design
variability tolerance,
3S*, mm mm
52.43 *2.86 $2.54
50.23 ¥9.91 "
51.00 *4.63 "
*S = Standard Deviation
TABLE III RESIDUAL BENDING STRESS IN "CIRCLIPS" MADE FROM
WIRES 1 AND 2
Residual bending stress, Number
Wire N/mm?2 of tests,
No. N
Mean Standard
Value Deviation
1 301.5 25.2 19
2a 362 19.7 10
2t 356.1 23.2 7 ]
+
Samples from large pitch zone of coil

TSamples

from small pitch’ zone of coil



POINT BISERIAL CORRELATION OF RESIDUAL BENDING

TABLE IV
STRESS IN CIRCLIPS WITH COILABILITY ASSESSMENT
Wires *
Compared rpB t v Comments
1-2 -0.7908 | -7.53| 34 | Correlation significant at 99,9% level
Low residual stress => good coilability
*v = Degrees of Freedom = N-2

TABLE V VARIATION IN TORSIONAL RESIDUAL STRESS, A1, IN
WIRE BUNDLES, AND POINT BISERIAL CORRELATION
WITH COILABILITY
Wire At
No. N/mm2 rpB and Comments
1 5.6 r = =-0.286
pB
15.75 t = -0.298 for 3 D.F.
1.85 No significant correlation
between At and coilability
5 5.
TABLE VI RESULTS OF VICKERS DIAMOND HARDNESS TESTS ON

BS 1408 WIRES OF VARYING COILABILITY

Wi Hardness, HV20, Kgf/mm2 Number of
lre tests
No. Mean Standard N !
Deviation

1 588.3 ‘15

2 557.9 . 9

3 535.6 . 17

4 615.6 . 23

5 600.9 . 24




TABLE VII

POINT BISERIAL CORRELATION OF VICKERS HARDNESS TEST

RESULTS WITH COILABILITY ASSESSMENT

Wires
Compared rpB t v Comments
1-2 0.8878 9.051 | 22 |Correlation significant at 99.9% level
High hardness = good coilability
1-3 0.9601 [18.798 | 30 " " " "
4-5 0.7044 6.657 | 45 " " " "
TABLE VIII RESULTS OF INITIAL TENSILE TESTS ON BS 1408 WIRES
Mean (X) and Standard Deviation (Sx) of Tensile tests
. 2 2 2 2
w§ge L of P N/mm RDO.Ol N /mmn §p0.05 N/mm Rm N/mm
X Sx |N X Sx [N X Sx | N X Sx [N
894.1| 85.6]12(1188.5(134.8(12|1716 161 | 12]2333.6(37.2{14
980.8(109.1{13(1225.5| 99.2[13|1677.6f 72.6113|2249.9 {50 14
3 1085.7| 99.4)14 11284 192.611411676.3} 60.2| 14} 2311.7 {30.5{15
TABLE IX POINT BISERIAL CORRELATION OF TENSILE TEST RESULTS
FOR WIRES 1 AND 2 WITH COILABILITY ASSESSMENT
Tensile
property B t v Comments
correlated P
L ofP -0.4163 |-2.195 | 23 jCorrelation significant at 95% level
Low L of P =» good coilabilitv
Rpo 01 -0.1616 |-0.79 23 | No significant correlation
Rp0.05 0.1604 0.78 23 ' ' "
- Rm 0.7022 5.03 26 | Correlation significant at 99.9% level
High Rm => good coilability




TABLE X POINT BISERIAL CORRELATION OF TENSILE TEST RESULTS
FOR WIRES 1 AND 3 WITH COILABILITY ASSESSMENT

Tensile
property B t v Comments
correlated p
L of P -0.729 {-5.217 | 24 {Correlation significant at 99.9% level
Low L of P =) good coilabkility
Rpo o1 -0.3859|-2.049 | 24 |No significant correlation
RpO.OS 0.1725| 0.858 | 24
Rm 0.142 0.7454| 27 " " "

TABLE XI RESULTS OF TENSILE TRUE STRESS/TRUE STRAIN ANALYSES

. Ng.of L of P, op N/mm2 True work hardening exnonent, Dy
"o | Testea| wean | Seardid wean | seviiiie
1 9 916.0 56.2 0.243 0.027
2 7 1114.8 74.9 0.169 0.048
3 7 1096.9 54.8 0.126 0.033
4 9 1177.6 102.5 0.169 0.029
5 9 1328.8 74.2 0.138 0.020
6 5 817.1 24.1 0.198 0.011
7 5 892.8 26.5 0.172 0.012

TABLE XITI STATISTICAL COMPARISON OF ANALYTICAL TENSILE TEST
RESULTS USING STUDENTS 't' TEST FOR GROUPED DATA

Wires t
compared Parameter value v Comments

1-2 qp~ 5.673 14 | Difference significant at 99.9% level
N, 3.648 14 " " " 99.5% "

1-3 op 6.04 14 | pifference significant at 99.9% level
N, 3.553 14 " " " 99.5% "

4-5 6p 3.38 16 |Difference significant at 99.5% level
nT 2.489 16 » " " 97% "

6-7 op 4.225 8 | Difference significant at 99.5% level
N 3.234 8 " " " 98% "




TABLE XIII POINT BISERIAL CORRELATION OF ANALYTICAL TENSILE
TEST RESULTS WITH COILABILITY ASSESSMENT
Wires Tensile
Correlated property r Comments
correlated pB value v
1-2 g -0.8516 | -6.08 14 | Correlation significant at 99.9% level
p Low 0 = good coilability
nT 0.722 .904 | 14 | Correlation significant at 99.8% level
High n, =) good coilability
1-3 o -0.8651 | -6.453 | 14 | Correlation significant at 99.9% level
P Low o = good coilability
nT 0.712 .794 ] 14 ] Correlation significant at 99.8% level
High n, =) good coilability
4-5 o) -0.6674 { -3.585| 16 | Correlation significant at 99.5% level
P Low op =) good coilability
n., 0.5564 .678 | 16 | Correlation significant at 98% level
High n,, =) good coilability
6-7 o -0.858 -4.725 8 | Correlation significant at 99.8% level
P Low Op =) good coilability
nT 0.7878 .617 8 | Correlation significant at 99% level
High n, =) good coilability
TABLE XIV ANALYTICAL PROOF STRESSES AT 0.01% OFFSET STRAIN
Statistical 0.01% True proof stress for wire number
Parameter 1 2 3 4 5 6 7
Mean 1132.3 |1 1213.5 {1192.3 ]} 1360.1| 1491.2 | 865.3 ]|931
Standard
deviation 86.4 104.5 64.5 126.7 73.9 20.3 23.9
_Number of
samples 9 7 7 9 9 5 5




TABLE XV STATISTICAL ANALYSIS OF ANALYTICALLY DETERMINED
0.01% TRUE PROOF STRESS FOR WIRES OF "GOOD" AND
"POOR" COILABILITY
Wires t v Comments
compared value
- 1.591 14 Difference not significant at 99% level
- 1 . 4 35 14 " " L1} " " "
- 2 . 528 16 " " " " " "
- 4.19 8 Difference significant at 99.5% level
TABLE XVI ANALYTICAL PROOF STRESSES AT 0.05% STRAIN
Statistical 0.05% True proof stress for wire number
parameter 1 2 3 4 5 6 7
Mean 1777.7 }11696.3 ) 1577.9 | 1938 2017.4 { 1030.5 {1065.3
Standard 209.8 | 102.4 71.2 | 235.8 89.3 12 17.8
Deviation
Number of
samples 9 7 7 9 9 5 5
TABLE XVII STATISTICAL ANALYSIS OF ANALYTICALLY DETERMINED
0.05% TRUE PROOF STRESS FOR WIRES OF "GOOD" AND
“POOR" COILABILITY
~ 1]
Wires t v )
compared value Comments
1-2 0.882 14 Difference not significant at 99% level
1_3 2 . 666 10 " ” " " L1} "
4_5 0 . 945 10 11] ” " (1] " 1]
6"'7 3 . 24 2 8 ” ” " " " "




TABLE XVIII

SPRINGBACK ANGLE 8° OF PATENTED HARD DRAWN

CARBON STEEL WIRES BENT THROUGH 90© OVER

25.4 mm DIAMETER MANDREL

Springback, 6 degrees, for wire number
Parameter
1 2 3 4 5 6 7
Mean 62.7 55.8 57.9 61.9 55.2 35.7 33.8
Standard 0.6 0.8 0.9 0.4 0.7 0.4 0.7
Deviation
Number of 20 20 33 20 20 10 10
samples
TABLE XIX STATISTICAL ANALYSIS OF ANGLE OF SPRINGBACK
RESULTS FOR WIRES OF "GOOD" AND "POOR" COILABILITY

Wires
Compared t v Comments

- 30.076 38 Difference significant at 99.9% level

- 23.271 51 " ” ”n " 1 1]

- 37.165 38 " ”" 11} " "

_7 7‘07 18 1 1] [1] o " 1]
TABLE XX POINT BISERIAL CORRELATION OF SPRINGBACK ANGLE,

80, WITH COILABILITY ASSESSMENT
Wires r t C

Correlated pB value v omments

1-2 0.9808 |31.002| 38 | Correlation significant at 99.9% level

High Springback => good coilability

- 0.962 25.16 51 " " " " "

- 0.9885 | 40.398 | 38 " " " " "

- 0.8679 7.414 1 18 " " " " "
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Fig. 9. SRAMA Wire Springback Tester
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