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ABSTRACT

Two engineering plastics, an acrylonitrile-butadiene-styrene
resin (ABS resin, Cycolac MS) and a rigid polyvinyl chloride resin
(PVC resin, Dacovin 2082) were investigated to determine the effects of
cold working. 1In particular, the "bending under tension' stress system
of a deep drawing process was considered. The object was to determine
which operating variables were most significant and what effect
the stress system had on the material. The. processing variables were:
the blank holder pressure, the ratio of the punch radius to the
material thickness, the speed of deformation, and the temperature of
deformation. Their effects werée determined by studyirig the dimensions,
the tensile and impact properties, the density and the morphology of
the deformed parts.

In general, the properties of the deformed parts were significantly
different than those of the undeformed material. Material which had
conformed to a radius subsequently yielded under tension in a markedly

different manner than undeformed material. An upper yield point no

higher the blankfholderipressuréfand the smaller the ratio-gi-the
punch radius to the material thickness, the more pronounced was the
effect. The tensile strength was not “further decreased, however.

Instead, the material yielded such that a greater strain was

deformations, a denSity.decreaée-andAa;mcrphblquiCﬁaﬁgé:was,obserVéda

TheSe_newbmaterial;properties are attributed to. non—homogeneous

L 3

Mo
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I - INTRODUCTION

It has been established recently(l-s) that a feasible method for

making a plastic part is by cold working the material by methods

developed for the manufacture of metal parts. "One of these methods

1s deep drawing. In this case, a sheet of the material is deformed

by a punch and a die whiChwdraw-the sheet over: the die profile as the

punch advances,‘whilé-thesflow:of'the flange of the sheet is con-

Figure 1 shows a. cutaway view Qf:a'sheet“béingpdeformed-in

such a. manner,

During the deformation of thejmaterial,three.basicﬁsfréSs;systems

must besconsidefed:(G’S)

. 1. Biaxial stress in the plane of thefghéet,Gauﬁingﬂstretdhihgj

over the head of the punch.

Radial extension accompanied by éircumférential4Shrinkage@

3. A:fbendihg"7undér tension_of'theamaterial_as:it.flows-over

the die radius.

Ss Y, Chung and H. W, Swifkgg) made a7fhpnéughustudyfdf the

‘experimental anditheoretical-aspeets of the deep drawing of a

leindrical~metalcup,_

"

acguxate.predictiohs'of‘stress and strain in the system,

The term 'bendlng 1s ‘used in g Somewhat.unﬁqrtunate.sense,

sineefthe~materialiaetuallyﬂflows over‘é radiugffather'thah being
ben£i0vervit,in:théﬁclassicai.sensegQf'the word. However, throughoiit
the Iiterature'onadéep%draWing, "behding;unﬂer-tensignn is used, and

:it~seéms bestftOgconfb}m;to;that terminolpgyg

The distinction be-
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tween "bending" and "bending under tension" should be kept in mind,

however,

The work presented herein is a study of this latter stress
system as it applies to the deep drawing of polymer material. The
objective was to determine the effectsyéf such a stress system on
the material, as well as the variables that are important in deep
drawing, as far-ésgthis stress.syétem 1S concerned,

A. ,DgggiprawingjpfﬁMetals

Since deep drawing is a relatively new method for forming plastics,
a-suitable;baekgroundtof theiprOCeSS must be obtained!frbm_WOrkvinf
the deep drawing of metals. A brief discus sion of the effect of
processing variables on the manufacture of 4 part follows,

1. * Effect of BlankaOIding-Rressure

The purpose of the blank-holdér is to preyénﬁ'thé.formatidnmbf
wrinkles within the part, but at the same time cause minimum inter-
féerence with the draw. According to Swift, the blank-holding press-=
ure, once it has excéeded 4 necessary minimum to prevent wrinkles, does
not have a great effect on the maximum punch load or thickness distri-
butidnzofithe'defcrmed'partso(s) Thus, the amount of force does not
have to be precise as far as metals are concerned,

o (10) NS Ut tFhat dee B e at e

L:andberg points out that too high a blank-holder force will
causé premature failure of the part., ‘This observation is ‘important
when«cansideringQQMdch weaker material than;axmetaln ThHS, a balance

”imust'be méinﬁainedESG that there is enQUgh'ppessurglt@gpréVentfwrinkles

bufnnot.enpugh;tg.allow.failurerfo occur ..




2. Effect of Speed of Deformation

Coupland and Wilson(ll) have considered the effect of speed in
deep drawing of metals, and Swift(s) mentions it also, Tﬁe results
show that no simple statement can be made concerning the effect of
speed, since the effects of die geometry, lubricant, and the speed
of draw are all interrelated. For instance, Coupland and Wilson
determined that!‘with-minéral-Oils as' lubricants and with a flat-
nosed punch, the ﬂraWingAratia(the-ratio of the initial blank
diameter to the punch diameter) improved for annealed mild steel,
both with increased Speed-andjincreaSed'iubricant viscosity. For a
round’nosedipuﬁch,_itwas found that the drawing ratio decreased with
increased drawing speed. This decrease was reduced with lower
viscosity lubricant. The presence of lubrication on just the punch
or die side: of the blank can also interactsWith~changes.in?speed and
yield different results.

‘Thus,:due to the-interaéticn,of.speed‘with other parameters, the
individual-Situafion-must be known before_aniaccuratezexplanation of

the effects,ofHSpeedfQan_beﬁdbtained,

35.‘Effecf5=0£‘Die:Geometry

There are thfee?importaﬁt die dimensions_ whicl' play the most
significant role in deep drawing. They are: the die profile radius,
Ry (See Figure 1), the punch profile radius, Ry, and the clearance
between. the punch anddie, C.

The die pfoiilé,radius iS'the?rédiﬁ§~ﬁﬁi¢ﬁ,théymaterial conforms

to as it is moving into the die cavity., This is the radius about




>

which the "bending'' and "unbgnding" of the material takes place.
Chung and Swift's eiperimental results indicated that for their case
the size of this radius did not provide added punch load if its
radius was at least ten times the blank thickness. A smaller die
radius caused the.punch load to-inCrease.faster.and reach afhigher
maximum. However, the larger die radius caused a greater tendency
for wrinkling within the drawn cupgcg)

The punch profile radius forms the radius in the base of the
part being drawn. In this case Chung and Swift's results indicated
fhat~its.effect‘i8<dependent on the size of the blank. They found
that on an 8 " diameter blank the punch load did not increase, due to
a smaller puHCh.radius, althbugh the maximﬂmﬁpunch load was reached
earlierﬁinvthe draw and kept at its peak for a greater amount of
punch travel, ’Wifh,a-smallerwblank3 the more geﬁerQuS-proiilefgave
lower loads,

'Th9~clearanéefbetWeen'thegQHHCh.and'the diejaffectS'thg drawing
process, in that it controls the freedom of the material to thicken.
The restraint that it puts- on. the maﬁerial‘is,cailed ironing, and
ifﬁldegree‘of importange_dependsvupon the-thickening or wrinkling

of thé*material-duxing the draw,

4, EffegtAofiMaterial Properties

Many investigations have been made inzattempting.fa corréiaiéﬂtheJ
material prqperties with the deepudrawability'of‘the.material. Al=
though most of the attempts were not successful, one method is

particularly interesting. This is a method developed by
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(12)

R. L. Whitely. He correlated the average strain ratio R

13
as developed by R, Hill( ) and the drawing ratio,

\

avg

‘ln wo/w

R is defined as: R =
In t_/t
where w_ and t, are the initial width and thickness of the specimen.
Whitely determined Ravg PY Obtaining the value of R at different
angles o the rolli?g direction of the sheet and taking their average.
A linear relationship betweeanavgjand'the drawing ratio was
indicated by ‘the results of his experiments, drawability incfeasing~
(14) * o o o
| later determined that a titanium al loy, having

with R . ~Lloyd

avg
aniaverage~strainzratib.of;3,8fwill~allow0a cylindrical cup to be
drawnlnearly-twiGE-as.deep'as-a good drawiné—quality_stéél with a.
-strainfratieubetween 1 and 2. ;ThigfféSHthdemonstrated=the Vaiidity
of using the strain ratio as a reliable criterion for  the drawability

of metals,

The inVQStigatians Of~the;deep:drawing~0ffmet315'have:been_ex~
tensive'andjhave,conﬁributed significantly to theAunderstanding-of
the process., Unfortunately, the'COmpléXity*offthegprbcess'has not
allowed"thedeyéiopment=of'a;genéral theory that can predict the
1correct tool désign'andiOperatinghcdnditions thatiWill_produae-a
pafticular-Partq The~final:¢qndit10nsffor manquCture_still remai.n
an art., :The,StUdiesﬁaﬁ thexéfféct=ofWeacﬁuof thé'variables!~howévér,

have aided-intthlfdéSign_aﬁd~in specifying*fhe-QperatingwconditiOns@




T
Also, Chung and Swift's analysis demonstrated that consideration of
each of the stress systems independently can be of particular value.

B. Cold Working of Plastics

1. Effects of Cold Working on Polymer Material

Due to the nature of polymer material, the effect of cold work-
uing'on-polymers is not an easy problem to analyze, In contrast to
metals polymers respond to applied stresses in a viscoelastic manner.,
Thus; the strain may not be‘instantanéaus because of a retarded
elastic behavior. 'There~als§ may be an irrecoverable viscous flow

Sy, |
due to entire polymer chains being moved relative to theirsneighbors,('S)
Both the temperature and'timé-of:deformafion:playiaasignifi¢ant role
in determining the response of a polymeric system. A material formed

at temperatures well above or-belowzits%glaSS-tﬁansition.temperature,
4 “
%k o . o . |
Tg, Will.behave-inpa~markedly different manneér.

Most of the previous studies of cold working have been on cold

. L | , o (16) .
rolling or cold drawing of the material, Andrews et al looked

info.thewdspegtwof'yielding‘inuﬁhe cold drawing process., Par-
ticularly, he concerned himself;with~the-formafion.of the neck, The
difference between the thinning of plastics' and that of metals could
be significant whenfccnsideriné“thé'designzof a j‘deep..—.drawing'"tooloj
 For metals the punch aqd¢die_radiiaare determined'tquOme'extentrby

the thinning of the material as it. conforms to them.

* correSpbndé.approximatel&ﬂﬁofthefmidpoint of a range~in;tempepa€
tgre'abave:which response 1is viscoelastic, and below which, elastic,
.Below.Té,:a‘polymer is typically glassy, and above»Tg,Lrubbery,
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For soft metals, the initial neck grows until finally the
material is pulled apart. For polymers,a "strain softening" process
allows the yield or neck to initiate. Rather than continuing to
grow, however, there is a "strain hardening" process which causes
Ifhe-yield to terminate when the neck has reached a certain reduction.
The neck, instead of continually becoming smaller in area, propagates
along the length of material, allowing a stable drawing process to
occur, o

AndréwsqwaSTnbt:ablé 10 successfully give a molecular model
for the.neékiﬁngrﬁdeSS~of plastics. He sStated that ‘the QStrain
hardening' effect was probably due to: some type of molecular orienta-
tion, but the results of interrupted loading compligatedithe problem,

Agpolymer that lends itself well to theé study of the effect of

~¢old work is polyethylene@. This;materialghas:amorphous anq‘qryétalﬁ

line regions. The amount of each and their interactions determine
(17)

thé properties:that polyethylene exhibits. Rothehild and Maxwell
?made'awfhorcugh,ahd’very=cleargstudy+of this, and their conclusions
are interesting.

ThGY"cgld‘worked polyethyléne:byﬁcoldjrolling; The:result.was
’aniahiSOtrQPi¢ material»ekﬁibiting-a‘higher Sfrengtﬁ~in the'rollihg 
direction, Tze-effects of cold working depended upon the amount-of
"Qiystallinity,'the temperature of cold working, and the degree of

¢old working,“TheghigherFthe temperature and degree of"COIdfwork,"
and the lower the amount of crystallinity, the greater the degree

of anisotropy of the material.
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Rothchild and Maxwell determined that in the direction perpen-
dicular to the rolling direction, the ductility was equal to or
greater than the unworked material. They also observed a slight
decrease in density, thchthey~felt might be attributed to the

uncoiling of amorphous chains by the cold working.

‘WiIChinesky(ls) also discovered an effect on ductility by «<old

work. ;He:cold'rolled'pdiypropylene‘and“determined that there was a

significant‘redﬁCtiQn;in brittleness temperature in the rolling
direction, but only a small effect .in the transverse direction. He
also noted a decrease in deénsity of the rolled specimens.

These results indicate that molecular orienfatign‘may‘be.QCGunning
as a result of cold work. 'Ge.nfe*ra.'llﬁ;y!_',‘ orientation is acCOmp]-lShed by
deforming a polymer at ‘a temperature above its glass transition

temperature.(21) In_cgld'wgrking, if the polymer is beloszgq one

”iexplanation for 6rientat10n=is that localized temperatures within the

specimen are. actually higher than. the ambient temperature. The
polymer, therfore, is actually being worked above T,. The material
then”eoolsﬁ.éo:fhaf the molecules become frozen in a mnonrandom

configuration. This results in a material that has significantly

different properties thanrunqniented-métérial, For instéhCe@ the
material may have a change in tensile strength such that it is 2 to 5
times greater parallel to thé.dirégtion:of'orientatiOn,and;only‘l/Z to

“1/3 the strength of unoriented material perpendicular to the direction

of orientation.

-
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2. Deep Drawing of Plastics

»

Although several publications have pointed out the feasibility

. (1-3, 19, 20) .
of the deep drawing process, none has given an under-
standing of the process beyond general guidelines which were ob-

tained by experience. The underStanding of the actual effect on the

material duringmihe*process,asj@ell,asvthe;processing variables' role,
has not reached the stage of development that cold rolling or cold -
drawing has. The reason, besides the short period of time the
prdcesshaSIbeen'studied, is that the complexity of the deep draw-
ing process does not lend itself well to theoretical study. As
pointed out previously, the role of speed of deformation of metals,
for instance, is interlocked with?othervagiabies to the extent that
one must consider the actual case before the results of varying speed
¢an be considered, Inbazpdlymer'matErial,~wherefthe~visgoelastic
property of ‘the material must also be considered, speed may have an

tas

"\"-,'_g .

extremely important role.
Despite these conditions, success has been achieved in the de-
VeLopmeni=6f a plaStic yhich,has shownzgreat promise for~deepidrawing@
‘Thevplastictis‘an;ABs (acrqunitrile.buiadieﬁé]styrene) maférial,
Cycolac. MS, which iSimahufactﬁfed?bnyarbOn Ehemioa1‘cqmpany, *The:“

majority of the experimental work presented here was done usifg this

-material .

_ (19, 200 o
Royer and Meadors have worked with this mateiralAquitaﬁ
extensively. They have made several conclusions which are meant to

_be~guidelinesﬁfbr'the manufaQtUre.oftplasfiﬁ;deep;drawn parts, but
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the authors do not clearly relate how SOmé‘of their conclusions

were drawn and just how generally they can be applied.

For instance, they maintain that lower speeds 6f deformation,

such as those obtained with a conventional hydraulic press, will

cause an increase in the springback of the drawn part. Cheesmore

and Sanders claim that the speed of drawing plastic sheet, in-

general, requires;precise control and is of the order of half the

. T 3 A . »
speed usual in metal forming.( Both of these statements do'nop

indicate theApOSSibIe.complexity~o£ the situdation which has been

established in the'deep-drawing of metals, AISQ; the=visc0elastic

properties Of'thenmaferial.must?be'considered¢ ViSGOUS?feSpOnse.iS

maximized at low rates, ;High;ratesunormaily:give-elaéfic response.,

However, if at very high rates there is a localized increase in

temperature,.theremay be a significant degree of viscous response,
Rﬁyer:andﬁMeadorSiaisdfmaintain_that the»phySical;prOperties
of the material are nOtfchanged-significantly by deep.draWing, They

do not, however, define what they mean byi"Significant'[norfgiye any

idea of how much of & change, if any, that they observed.
From theaisgusSionzof'the-deep-dTaWing-@f.métals.the average
Sﬁréin ratiO,z,anQ‘WOuld seem to be the&desirabiehpropertylta

determine:wpichiplastic is the most sultable for deep. drawing:

Broutman and K@lpakjian(zz) considered this, but could noﬁndetermine

fahyimeaningfu1 relationship as was obtainedcfbrmet@ls,:
The: knowledge concerning thé~deep-draWing of plastics, therefore,

ig“very'limited; The complexiﬁyf@f“thefprbblem indiéateS?aniIéCtion




to proceed in evaluating a material for deep drawing or in obtaining

a possible die design to make a certain part, This direction, as

mentioned previously, is a study of the elemental stress systems as

defined by Chung and Swift, to determine how the material is affected

by these stress Systems, and what variables are the most important,

This work is such a study of one of these Stress systems,
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I1. EXPERIMENTAL PROCEDURE

The material used in the majority of the experiments was Cycolac
MS, an acrylonitrile butadiene styrene (ABS) copolymer, provided by
the Marbon Chemical Company. It was obtained in extruded sheet'form
in three thicknesses, .015", ;OSO"? and .050", The properties of
undeformed material, as stated‘by»MarbOn,are:given‘inYTableﬂl,

For comparison, Dacovin 2082, a polyvinyl chloride (PVC)
material; provided by the Diamond Shamrock Chemical Company, was also :
considered, It was also obtained in extruded sheet form,but only in
one thickness, 050", Its properties are listed in Table 2, This
wés the matériadl used by szlowSKi,czg) Who~determined that it has
&efiﬂite'pOQSIbiIitiesiasla'material capable of cold forming,

These materials were chosen because of their favorable b£1énce- ;
Oi“éngineering properties as well‘as‘théir'demonstrﬁted;capacitwabr

: being cold fOrmedg

> - L o o
B. Method ofLMaterialfDefOrmatiQn

1. Punch Press
A stahdard;Bliss~6422;puhchjpress'withAa two-inch stroke was : %
usedifo_deform-thejmatefiala The force on the blankkelder was pro- ;
'Vid?d,b&:a;wabco_MFlfPPiair cyliﬁder=with;a,6ﬁ“diameter bore, working
in~c0njunctionwwifhxa.i5 éallon fank uSedﬁtoureducé'thé#variability
bf’thé airfpressﬁré-during;the stroke., . °

The speed df‘deformaticn’waS:Changed?by'VarYing”theiSize'Qf the

sheave'dpiven;by the drive shaft,fothe-preSS'mﬁth. The:SPeed5 due

Llljlj

u';L _]_.T._]
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to the design of the press, was not constant but varied sinosoidally,
Its profile is given in Table 3 for the first quarter of the cycle.
The la rger sheave yielded a 139% increas¢ in the speed of the stroke
and was the maximum speed recommended by Bliss for the safe operation
of the punch press. The speed varied in the range of 1000 in/min,
which is a normal commercial rate.

The dispiacement of:the‘punch was measured by a Pacific

Scientific Linear Potentiometer Model: RP14-0101-1., This allowed

accurate determination of the speed. It was also used in conjunction
with measuring the blarkholder pressure during the stroke, which

will be described in the next section.

2. Die Set

The parts were made with a punch and die which is basically
shiown in Figure 1. The punch and die itself is shown in Figure 2,
The die set is a Producﬁo,Machine~Cbmpany Set, Model 88Cll1B.

This tool, tﬁerefore5 simulates fhe deep drawing Operéfion,

All the.critical°yariabies_are~preSent, but ‘'only one basiec stress
system is applied. This is the StreSS;syétém on the material flowing

over the die radius, R,, and then forming the sides of the deformed

Ry» The result is a trough about 31" in length shown in Figure 3.
It consists of sides which have been "bent" and "unbent' about the
die radius, the fOp-which WéSjin_tension_duringfthe-strOke,and'the

Qornerfwhiﬁhvwasfbént:&hGUt~the;Phndh'radiusb, The object of the

investigation is met; since basically only the bending under tension
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aspect of the deep drawing process is actually being considered.

The portion of the tool which made up the die radius was inter-
changeable. This allowed the deformation of different thicknesses
of material, which effectively changed the ratio of the punch radius
to material thickness. The die radius was kept constant at 10 times
the material thickness. This is the;maximum die radius that Royer
and Meadors(lgy found practical for the deep drawing of ABS.

The pressure on the blankholder was varied by the amount of
pressure applied to the air cyliﬁderg The total force on the blank-
holder was measured by a set of strain gages mounted on one of the
four push rods whi¢h transmit the force from the air cylinder to
the blankholder. Two gagés were mounted on the rod and two dummy
gages, which wereiuse&.towcompensate for temperatﬁre changes, were
mounted on a piece of the same grade steel and placed next to fﬁe
tool, This strain gage circuit as well as the'linearﬁpotentiometef
were fed into a,Sanborn'recorderVWhich;gave'the force as. a function
of position during each cycle. -,,,

Since the force of only one of the rods coul d be measured, a
SfudY”WaS‘made:toidetermine=the'degrée~the7four‘rods varied. The

& ‘
results indicated that fhere'WaS:a~51ight~dif£éreﬁce.in-the;forcem
'Of‘the'rods,ZHoweﬁeg,vthé-fourrodsjweré'shown'tOAbe-iinearly_reﬁ

Iﬁtﬁdzand-a'TBQPGSSiQn.analysiS'yieldedﬁQQuations to relate ‘the force

in pounds of the left front to ﬁhehOther‘three,rods, The following

is' a list of the equatians~a16ng‘with their correlation coefficients.

X@is_the'fbfce~0n.theileft‘frontarod,"Yi is the force on the right
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front rod, Y, is the force on the left rear rod, and Y5 is the force

on the right rear rod; R RZ’ R3 are the respective coefficients of

1. o 1’

correlation.

Y = .85X + 25 R. = ,958
"1 1

¥, = 1.1X - 8 R, = .992

Y, = .85X + 15 Ry = .978 |

f;om this a reasonable knowledge of' the pressure on the blank-
 *,holder duringxthe stroke conld be obtained. Further, any strong.
deviation from these results would not allow the part to be formed
properly, since one side would be pulled in sooner during the stroke
resulting ip a nonsymmetric part.

The friction between the material, blankholder, and die is what
ultimately provided the tension in the material during the stroke.
The coefficient of friction was'measuredabY'plading.a:pieceof
material between the b1ankho1der and die, and¥ﬁwithea known force on
the blankholder, the plastic was pulled out. The force required to

initiate motion and to maintain it was noted. The results indicated

R L
that the static coefficient of friction for ABS was .09 with a

variance of 4.2 x 10?4 and that the kinetic coefficient of friction
was .08 with a variance of 3.8 x 10 ~. For PVC, the static co-
efficient of friction was .07 with a variance of 4,1 x lOe , and
the kinetic coefficieq¢gof friction was:,06rwitg{a»varian¢e“of

| ~5
3.6 x 10 .
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3. Temperature Variation

Besides varying blankholder pressure, speed of deformation, and
the ratio of the punch radius to material thickness, the temperature
at which the deformation occurred was varied. This was accomplished
by heating the plastic and placing it warm into the die. Although
the tool acted as a heat sink,and the surface temperature of the
plastic dropped a significant amount during deformation, the final
temperature was well above room temperature., The results c0uid¢
therefore,; provide some indication of the effect of temperature on
the system, at least to the extent of providing a direction for
future, more accurate experiments.

C. Methods of Analysis

The effeets—of‘blankhold9r§pressure5 speed, die geometry, and
temperature variation were determined by -analyzing the dimensional
stability, mechanical properties, and the morphology of the material,

1., Dimensional Stability

The only dimension which Showed significant variation during:
the investigation was the dimension "A" of Figure 3. This dimension
indicated the amount of 'springback which oeccurred after the part ‘was

removed from the die. It was measured bY'ffaciné.the-parf-immediately’

‘upon removal from the die and at various intervals of time later.

This method was used,since the continuing change of this dimension
immediately after removal from the die made direct measurement
impossible.

The variation in the thickness of the undeformed sheet was such

'fhafJOﬁly'grst_ﬁhicknéSs changes, greater?than.SQS%, could be con-

L
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fidently observed., Kozlowski(zs) ound o 37, thinning of a PVC

material with a thickness of .059 at the vunch radius. Such a small

that conformed to the punch radius co proide some indication of the

strength of this area,

2. Mechanical Propertieg

- a. Tensile Properties

All the tensile properties were detcrmined per ASTM Test
D1708-59T. An Instron universal testing machine, Model TTCM1l, was

used to make the tests. The test specimens were prepared by die-

of ASTM D1708-59T . Five samples were preparéd for each of six cases

considered, The-déformed;part,had three.diStinct'areaS where the:

type;éf.deformaﬁidn;differed¢ ,Each.of-theSe'areas-was tested in two |

perpendicular directions. The specimen designated Side Transverse

(Side T) was taken irom;thenside;of-the troughjperpendicular to ‘the

axis of the behnd which.fbrmed,the~¢0rneruradius.oi the trough,
Parallel (Side P) ‘was taken from the side of the trough parallel ‘to
N%’«

the axis of the bend. Bend Transverse (Bend T) was taken from the

the bend, Béhd Parall¢I (Bend P) was:taken from the bend parallel

fOithewaxiS-Qf the bend, Top'TransverSé (Top T) was fakeh from the-'t

top of the part with 1ts axis perpendlcular to the axis of the bend

Flnally, TOp. Parallel (Top P) was taken frDMMtheftép,Parallel fQ:fhe

Side.
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axis of the bhend.

The speed of testing was .05" per minute. The tempera;ﬁfe
»anged from 71° to 74°F,while the humidity rangéd'from 16% to 30%.
Most of the time, however, the humidity remained below 25%,

b. Impact Properties

The impact properties were obtained with an Instrumented Tensile
Impact Tester manufactured by Custom Scientific Instruments, Inc@!
Model CS-137-009, The test specimen was the same as the microtensile
Specimen used in determining the tensile properties of the material,
Although this is not a'sﬁandard‘impact test, the results can be
considered to be rei&tive.

The samples were taken from the side.and.ﬁqpaoi:tﬁe.partgpex~

®

pendicular to the axis of the bend , s

3. Morphology and Physica1;Pererties

a. Density

The density of the material was determined by measuring its
weight in air and in; butanol, The latter was c-h~ogj.en for 1ts favorable
:densiﬁy=andrvapo£ presSuré.characteristics@

5Thé‘samples;were*qbtained by cuttingjthe.material from the
desired section szﬁhe deformed part. Since the area of the bend was
so small, samples rieasured about 13" by %2'. This small a sample re-
duces the accuracy of the density measurements ., Further, error de-
pends upon the variation.ofitheAamOHHt:of'wireholdingﬁhe'sampié
that is immersed;in‘the*liQUidz Theftémperafure variatign of the

aliﬂuld%iﬁselﬁ is also a source of error;, since this causes a change
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in the density of the liquid. The effects of the deformation on

density was large enough, however, to allow adequate measurements

of these effects,

The density of the butanol was obtained by comparing the weight
of a standard glass pycnometer filled with butanol to the weight of
the same pycnometer filled with distilled water, The experiment was
done using two different:pycnbméters.yielding densities of
0.807825 g/cc andi0,807943:gfbc, which corresponds to a ,0146Y%
difference. Themdensity of butanol was. taken as the average of
these two, 0.807884 g/cc.

-~ o o | o (29
The density of the;specimeﬁﬁwas-thenadeﬁermined from

- [ woa ]
D =W,d; - W;d,

‘W2‘==the weight of theﬂspééimen in air
W) = the weight of the specimen in. liquid
d; = the density of the liquid

A Y

d, = the density of the air

b, Optical Views

The material was viewed withgagReicheft;Integferencefcontrast
MicroSCdbe. ThiSrprOVidéd_sufgﬁcient:cdntrastzto~Showusgrface
defécts at 190X. An;iﬁcrease-in.magnification, h0weverr feducedthe
depth of focussuch that né-further insightaintOithe{defeCES seen at

the lower maghification could be obtained.
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c. Electron Microscope Investigation

Replicas of the surface were made at the three areas where the

type of deformation differed. The replicas were made by evaporating

normal to the surface a very thin layer of Victawet, which is a

water-soluble material manufactured by Stauffer Chemical Company. A
carbon-platinum shadow at an angle of less than 25° was then applied,
followed by a heavy carbon layer, which was evaporated normal to the

surface. The replica was removed after soaking in water, allowing

the victawet to dissolve,

Replicas were also made of fracture surfaces, which were

fractured at.the'témpera%ure.of boiling liquid nitrogen. A fracture

was made at the area of the bend and compared with material which w;

fractured from an unworked specimen. ‘
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III. RESULTS AND DISCUSSIONS

A, Description of the Deforming Conditions

Table 4 is a Summary of the conditions under which the parts

were deformed. These conditions will be referred to by number

throughout the following discussion,

Parts made under conditions 1, 2 and 3 were formed at increas-

ing tension at the lower rate of deformation, An analysis of

variance indicated that the tension was not the same at the 999

confidence level. Parts made under conditions 4, 5 and 6 were formed

at the higher rate of deformation, Conditions 7 and 8 increased the

ratio of the punch nose radius to material thickness, Condition 9
"W&Sfformedmat elevated temperatures , Finally,~conditions 10, 11 and

12 were made using PVC material,

Parts formed under conditions 1, 4 and 10 were intended to be

deformed at the same'blankholﬁerﬁpressure@ There was a standard

deviation of 65 Ps1, since the pressure could not be calculated until

the experiment was completed,

Similarly, conditions 2, 9, 9 and 11 were intended to have the

.Saﬁe pressure. In these cases the standard‘de?iati@n~was 75 psi,

For conditions 3, 6, 7,

made somewhat cautiously,

B. Dimensional Stability

Springback indicates how well the’material-canUplaStieélly con-

. form to the punch nose%radius, :Foroﬁhe-purpose of‘thisﬂstudy sSpring-
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back is defined as sina (See Figure 3). The results may or may not
be an indication of the dimensional stability of a deep drawn part,
such as a cup, since such a part has geometric constraints which
inhibit springback. Figures 4, 5 and 6 show the variation of spring-
back with time. These figures present the data,in.thefform of 90%
confidence intervals about the mean of an average of five samples,
The numbers refer to the condition of deformation.

Data taken in several cases after 2 days indicated no further
change in springback. WAs Figures 4, 5 and ‘6 show, the rate of change

after 30 minutes was small,

1. Effect'ofﬂBIankholdeanréSsure

Figures 7 dand. 8 show the»effect'of'ténsion«on~the:springback of
the sides of the trough., The points are the average ;s-ﬁriingb-ack, of a
sample of 5. For any set .of conditiqnslthe'résult is Yinear, with a
higher tension yielding less springback. -TﬁiszwaS~CQﬁfirméd by de-
forming ABS material at a low rate Of'deformatiaﬁ_and'Withua;minimum
amount. of blankhol&epigreésure. The tool was also lubricated so ‘that
the tension was essentially zero . The result. was a Sprlngback of
-9075. The value obtained by extrapolating the line of Figure 8
corresponding to the.abQVé1cOﬁditiOHS-tO:zerOptension WQST‘BQS’;a
difference of 1%.

Figures 4,-5 and 6 show that the parts made.at higher tension
'sh0w~greater‘Variati§n than those made at lower tension. Also, ‘the
rate:Qf'changeof'diménsion4A”Wasthe greatest.immediatelyéfter

‘défOrmation;‘as~weg1djbegexpected, and.a;higper tension magnified
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days the decrease was 25%.

2L

this effect.

As the part conforms to the punch radius, crazing in this area
is evidenced by a stress whitening of the material. As will be
shown in the discussion of the effects on density, higher tension
may increase this amount of crazing. Such, an increase could result
in the ability of the material to expand at ‘the outer radius of the

bend. Later development will give further strength to this argument. .

2. Effect of Speed of Deformation
The effect of ah increase in 'speed on dimension A is shown in

Figures 7 and 8. They indicate that for the 139% increase in the

speed of deformation there was less springback.

The va;iation in the springback, however, reduces the significance
of- this statement. -All‘the_innts in%FigureiS for conditions 1
through 6gfaiI weil.Within.theQQO%mconfidence limits,'so that it.is
possible that there is actually no significant difference in spring-
back due to .an increased rate of deformation, The strong li;earity

of the results, however, indicate that a'préﬁd is probable, -and

future experiments at higher deformation rates may be worthwhile,

3. "Effect of Temperature

An increase in temperature reduced the amount of springback sig-

nificantly. Figures 4, 7 and 8 show that at condition 9, the amount

.of'immediatelépringback was 16% less than a part formed under the

same tension at the same speed. Even more significant is that there

is:essentially=no'iﬁcreaée“in spriﬁgbaék with.timGW; Thus, after 2

e
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4, Effect of Die Geometry

The ratio of the punch nose radius to the thickness of the

material had a significant effect on the amount of springback, For

2

condition 7, which had a ratio of 5, the springback after 2 days was

»951. For condition 8, with a ratio of 10, it was ,987., If the

-

‘sheet would have completely straightened out, the springback would.

~ have been 1.0, Thus, for condition 8 the springback was almost

C Omp lete °

Figure 9 is a plot of springback versus ‘the ratio of the punch
radius to the material-thickness,fdr.COnditions 3, 7 and 8 after 2

days. The larger ratios seem to cause dimension A to asymtotically

approach a value-dorrespon&ing to'cbmplete_Springbgck& The: change

in springback may be due to more crazing in the thicker material.

If this is true, then the reason uséd'to.explain‘the'effect’Qfﬁéﬁ
increase in tension would be .consistent with these results,

5. Results for PVC

Polyvinyl chlorideﬁhad,gre&tér tendendy‘tﬁfspringbadk5 in

general, than ABS. Figure 8 shows that after 2 days thegspringbadk

was‘7gl%ﬁto 7.6% larger, An ihcrease in tension had slightly

less an effect than for ABS and the resultS:wéreunot as. linear,

C. Mechanical Properties

1. Tensile Properties

The tensile properties of the ABS for each condition are shown

in Figures 10 through 27. These .are plots of 90% confidence limits

- for the mean of a sample of five, Each figure is for a property of
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one of the six cases previously defined, The tensile strength,
the % elongation at yield and the % elongation at break are reported.

- Table 8 gives similar information for PVC.

Tables 5 through 7 present the % difference of each of these
properties within a part by comparing the average of each case with
the average of Top T or Top P, depending upon the direction con-
sidered.

a, Tensile Strength for ABS

The tensile strength of Side T, Bend P and T was reduced., This
was true both in .(._‘:.O'mp.ari-s;on with the undeformed material and in com-
~parison with the top area, which seemed to undergo. the least :amount
.of change. Theechange.that;didsoccur in the topfarea’was,prObably'
due to the variation of the strength of the .different sheets of
material used and ‘experimental error.

Figures 28 and 29 indicate that the punch radius and the blank-
holder préssure inflﬂéncedeend?Ps However, Side T and Bend T do not
appear to change in any consistent manner with the operating variables.
Initially; this-WaS-guite.Qisturbingvsince it'is~hard-tO'imagine9tht
.vériables, other ;than those considered, could be controlling the magni-=
tude of this deérease, Much of the investigation and, the analysis of
the tensile propertieé*will be related to this probilem.

b. % Elongation at Yield forthS

Side T and Bend T also showed an increase in the % elongation at

See Page (18) @ S
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yield. The pattern of the data is shown in Figures 30, 31, and 32.

Speed, blankholder pressure, and the ratio of the punch radius

to the material thickness affected the results. The punch radius

only affected Bend T, which would follow since this is the only

material that must conform to the punch radius. For both Side T and

‘Bend T, an increase in speed and pressure tended to give a higher

increase in the % elongation at yield. The effect of the highest

tension at the low speed is hard t0 determine from the amount of

-data presented.

A notable aspect of thes e results is that the variables (blank-

holder pressure and punch radius), which had no effect on the de-

crease ingtens;le:s;rength}_do»have.an.efféct on the elongation at

yield: This 1is interesting since it means that if the material is

forced to conform ta»afradius, its strength will decrease by the same

amount whether the radius is three times its thickness or ten times

:its-thigknesSﬁ_'But when a material undergoes such a deformation,

thé amount of:étrain.that-is needed’forgsubSunent:yielding in ‘tension

increases for the more severé deformation.,
& '

¢. % Elongation at Break for ABS

‘The large;Vafiance.for the'%'elongatigﬁ:atfbreakm&ata‘reduces

the possibility of Makingfény firm:CGncluSion$9 In generai,-SidewT

and Bend P had a greater % elongation at break, For Side T, a great-

A e . o Gaamed Fa ifShemaca  FI8 e o e
€er blankhqlder-pressur¢~seemedtp'1ﬁcrease this parameter as shown in

Fignre:33, For Bendxp, Figure 34 indicates that:as the ratio of the

- punch radiHS‘to~the-maferia1;thicknesS;increésedg the % elongation at




R T T Tt T ——
T - e

‘break for ABS,
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brgak decreased. The specimens of Bend P have a curved surface
since they are taken from the bend of the part. This geometry is

probably the main reason for the result,

d. Stress-Strain Curves for ABS

Figures 35 through 38 are typical stress-strain curves for the
complete system under consideration. The most significant infor-
mation they contain is that there is no upper yield point for Side T
and Bend T; :These are the same cases that showed a decrease in the
tenSile.strength,;Seeminglyfindependent‘Qf the operating variables,

and an increase in the % elongation at yield.

e. Results for PVC

Table 8 gives the changes in tensile properties found for condi-~

-tions 10 and 12, Table 5 indicates that the tensile strength did not

- bttt -

show a decrease for Side T as ABS did. Bend P showed leéss of a de=

crease than occurred with ABS,
Side*Tvand9Bend‘T*gave;a;greaterﬂ%_eloﬁgation at yield, as was
the case for ABS, éithOughﬁthe-effectywas:somewhat4reduced;fgr;3ide«mt

No significantgchange-iny%.eiongatignzat break Was.obsérvedb

iThe'sfressfStrain~curveS for PVC continued to have an upper yield
point for 'Side T but not for Bend T, o §

The PVC was a considerably tougher material with a % elongation

at break of approximately 120%, ‘as oppbsed to the 25% elongation at

f; Discussion

Side T anﬁﬂBendﬁT*représenf‘ﬁhQ:MQSt interesting, and unexpected,
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results of this investigation. This discussion will attempt to give
an explanation of the results for these two cases as well as for
'Bend P,

Side*T~gives.theﬁproperties‘qffmaterial that has flowed over
' the die radius and was "bent" and "unbent" under tension. The
;decreaSé in strength; as well as thegagsence of an upper yield point
in ‘the stress—-strain curve, SUggéStgthaf a significant change has
developed within the material.,

To: explain the results in‘termS'ofamolécular:Qrientation, which
is frequently done in discussing the effects: of cold working, is not
at all satiSfying; _Dbane‘anQJMatSubkaczs) have determined that for
oriented ABS material, the strength and ductility weré increased in
the direction of orientation and were decreased perpendicular to it.
Such. an effect Wasﬂnofrobserved:whe?fgomparinngide ﬁfahd~SidefP@ :
The variation of the2resuitsrdbes not‘maké it obvious that Side P
exhibited equivalent,properties'tovundEfbrméﬂ material, Buf:it is
evident that fhejten31le-strength~did’HOtfincreaSé'ﬁor'did the -
ductility decrease. AISD,'for-Qrientedhmaterial~the:change ip;feﬁSile
strength and ductility is in the same direction, not initheIOpPQSite”
sense as ?he%résulfs<f0r¢Sidé T indicate,

Anothex‘eXplanationmcould,be that thé:abSence«oi the upper yield
;paint-is;similar fo a. tensile tégtwhena_specimen;has been strained'?
beyond the yield point., Thé,koad iSfrEIeaSed'and:then{reappliedg In
thiS iﬁstance the-upﬁér &igld‘pbint nO:loﬁger'appears,' Such'a-ténsi1é

Specimen contains a neek after it has yielded, and this neck remains
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when the load is released. Reloading only causes growth of this

neck, If the load is not completely released, a smaller upper yield
point appears.(zs)

Cycolac MS was tested in a manner described above. The reload- !
ing did cause only the growth of the neck, and no upper yield point
existed. If the load was not completely released, a smaller upper
yield point was obtained as was indicated.

The explanation of the formation of the neck and its role in
the stress-strain characteristics of a material is debatable., Ex-
;planafiqns¢have.been'giveniindicating‘tﬁét é'localized1heating,cau$gd
soitening*of’the;maferial,‘and‘this in.turnﬁcaused‘the.dnopzin
strEhgth!(27) Another explanation is that for purely geometrical
reasons the decrease in cross sectional ares HUring“tﬁeﬁformation of the
neckgis h@ﬁicompensated=by aniadequaté.degreeaof strainxhardening:f27)
‘Recently, Brown and.Wardﬁzz) determined that for poly(ethylene
terephthaléte), the upper-+yield pognt was:du;rfogan intrinsic yielding.
However, no molecular model was given to .explain how this intrinsic
yielding occurs.,

Since no evidence of necking appeared in the specimensﬁ the' above
'discussion doés not Qirectiy apply to the,findihgs of Side T, However,
it dées'iﬁHicate-thatgyieldedfmaterial Wiilexhibit;no-upper»yiéld o
péint,'a_faCtﬁwhich is pertinent to the propcséd'analysis;

TQE‘sidés of‘therdeférmed partcpntain,a:slight éHrVature; indi-
cating that the;hhave not:been'cqmpléteiy ﬁunbentng This meéns‘th&t

-Qne.side;of@the tenSiieespécimen is slightly under compressign4;Whilé
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the other side is under tension. Upon the application of a tensile

force, the material under compression may yield differently than the

portion under tension. This would not allow the material to yield

homogeneously. Thus, it would take more strain to arrive at the

yield stress, which would be below the upper yielqlpoint of normal
material.

If the above is true, and if this yielding continues, since the
. | C
tion before the material breaks is larger. That-is, it takes more
strain to establish the stress throughout the material which will
}inally.allow'the?maierial_to break.

An incréaSe'in tension causeées more material to be in tension
affer‘flowing:over~the die‘fadiHSiandlgives a_slightIY’gréater
curvature in the sides after withdrawing from the tool. Rather than
reducing the tensile,Strength, as mighﬁ‘bewéxpected, theaspecimén_
merely yields in‘a'mOre.nonéhomageneous'maﬁner; That is, more strain
The strength of the

is nowuneeﬂed'tb.afiive at the yield point.

s

material remains the same.

On the basis of the.agéve-eVidence such a conclusion seems to be
more'sﬁecuiéfive'fhan proven. There i's., however, one other subtléty
that gives strength to this argument. After the tensile tesp is made;
a slight curvature still exists in the now broken specimen. ‘The
Curvature,ihowever,.égjén:the oppositegdireétion,'indidating?that fhe

material which was previously,underCOmpression.is now: under tension.

This only occurs for Side T. ; R S
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The type of yielding that occurs in the material which had under-

28
gone a compressive stress may be similar to a Bauschinger effect,( )

which is a property of some metals. This effect occurs when a metal

is strained in compression and then in tension or vice versa. The

yield strength of the second test will be reduced. That is, a material
that has been compressed will have a lower yield strength in tension.
Side T is a material that has been compressed on one side and
placed in tension on the other. If the "hnbéndingﬁhwhiCh occurs does
not completely remove the effects of the compressive strain, and if

the material is subsequently-tested;in-tension, then by the above

explanation the mat erial in compression would yleld sooner, i.e. with
less strain. Further, this intrinsic yielding7wau1d'not be homo-
geneous, ﬁecausg only part of fhe material has undergone compressive
1qading, Thus, thé‘upperlyield point no Ionger appears, the tensile
strength is féduéed, and the % elongation at yield is increased.

Bend T%eXhibits_progérties that are extremely similar to Side T.
Si@ce.the*material'testédfhas'QISOuCanbfmed to a radius, the punch
hose radius, this would be expected. fHQWever,'since'thezépecimens
a¥e made;direCtly,from-ﬁhe‘defbrmed part, they .contain a fairly
significant curvature. ~A comparisQﬁ,éf:such:a Sﬁécimén~Wfth a normal
tenéile;Specimenppreseﬁts Some-uHCertaintieSg

 Ihe,similarity“wifh‘thefreSulis forfsideszéuggests that the
‘yieldihg:iS'in.a’similarAmannef, The results are ééf exactlymthé

same; however, Thereiis}nOuchange inncurvaturé‘sgch,as the tensile

Specimens for Side T exhibit, and the % el ongation at break is not

)
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increased as greatly as for Side T, although the large variation of
the results make conclusions for this parameter more difficult.
Since this area of the deformed part also contained crazing in most
of the experimental~conditions, the problem is further complicated.

The mechanism of yielding at the bend, therefore, is not very
well understood. It depends upon the effect of the geometry of the
specimen and the interaction of the crazing with the stressed
material,

The results for Bend P are more easily explained since the ratio
of the;punbhsradiUS to the material thickness seemed ‘to have such a
;stroﬁgAeffectg

At the lower ratios the amount of springback was much smaller.
This decrease in sgringbaCk-ShOWn in Figure 9 was interpreted to mean
more crazing in that area. - |

Figure 28 indicated that the reduction in tensile strength also
depended_updn<thé“radius ofﬁtheipunéh nose in a .similar manner. A
smaller,ratidtbf'radius-tozmaterial thickness;gave“moré redﬁctidn.in
tensile strength. Theistrengﬁh reduction is further evidence ﬁf?
Qrazing'in.thatgportidn,Of-théfpart; More CrazinggWOUIdghave;thé
téffeCtdf‘reducing‘theamcuntzoflmaterial.in a.crqssagection of a
tensile specimen and thereby reducing its tensile strength, ‘

Although the effect is;hotlasgreat, Figure 29~iﬁdicate5‘fhgt
-anfincrease;in‘blankhOlder-pressure;genéraily results ‘in a,greater-
decrease th%ensile §trengthq If, ag'seems reasonable, thiS23130 

pI'Oduces »m;()’;:r?_e- crazing, it would give further strength to the above

q

e,




argument,

Increasing the temperature of deformation did not seem to change

any of the above results. The decrease in tensile strength and in-

crease in % elongation at yield followed basically the same pattern,
Finally, these results must be compared with PVC. For PVC,

Side T still exhibited an upper yield point, but there was a slight

s

indication that it was reduced. This reduction was not larger with

ap increase in~tension,thWever;

Since PVC was, in;géheralf'tougherfthangABS, deforming it under
the same conditions did not affect the material as severely as it
affected ABS. The amount of compression that the material had to
undergo in order to conform to a radius 10 times its thickness
apparently'wgg.either;not suffidiént:or'PVC'reaétS to sﬁch a stress
system in a completely different manner.

This latter.explanation'is¢unlike1y, however;-aﬁterfdbnSidering

the results for Bend T. At the bend} the:tensile‘strength:Was;re—

A

-dugedwcdﬁsiderably,;fhére?Was no upper yield point and the %

elongation at yield incréased;following~the same pattern as ABS,

In fhiS?instance the material had to conform to a radius of only 3

tines the material thickness. Apparently, this‘mQre.Severe_deforma-
tion produced the same type of effect on the material as it did on
ABS; The result was not quite as severe, however, as will be shown

rwhen_the'effects on density are .considered,

2. Impact Properties

L

" The Tresults of the ten&ilefpererties at”1ow~spe§d.ihdicated

that an investigation of the side of thepm&teridt.uhder:impaﬁt-cﬂn-




35 /

ditions may be worthwhile. The non-homogeneous yielding could give

some interesting results at a high strain rate,

Initially, 5 samples of Side T were compared with 5 samples of

?

undeformed material, The undeformed samples were from a different

sheet of material than the deformed samples. The results are given

in columns A and D of Figure 39, 1In this instance, as well as the

others, the result is~plottedgas;a»confidence interval for a sample

of 4, The 1owest-reading'was'not;used since slippage required more

than one impact. 'Thesé‘readings:were'encouraging=enough:tdfprOCeedx

A\

The remaining samples were prepared.as indicated in Figure 39,

Columns B and F, whichshdw:tﬁggreatestxvariation, each contain

a result of a sample that had to withstand two impacts. The impact
gstréngth.usgd,7however,,in thesefinsténceSywas of the same magnitiude

as the others.

| Although there'wa3~a,largefvariation‘in'thGSé later results,
there may be a.tfend,.Sinee.in‘everyfinStaﬁceetheiaverage of the
.impact%strengthIWES_greéfer f&rgSide*E than‘for'TOpr and-ﬁndeformed

material,

D. Physical and MbrpholbgyﬁPréperties

1. Densitz

Figures 40 and 41 present fhe*daﬁéﬁfdritheiresuits.of-theﬂdQﬁSify

measurements madezen»undefprméd'and’defdrmednmaterialm Again, these

are: 90% confidence intervals for the mean of a sample of 5,
-Some of the ranges obtained are

qu1‘ce 1 arge consideri ng these
arghallﬂtaken'fromrParts‘made’undér,SimilarMCbnditiOnsg

Much of this

=




is due to experimental error that was previously identified. The
results, however, are such that these errors do not inhibit the

analysis to any extent,

The results for PVC indicated that Dacovin 2082 has a density of
1,406 g/cc prior to deformation. The Ezamond Shamrock Chemical Com-
pany gives afdénéity for the material as 1,42 t +02 g/cc, a range which
includes the value obtsined. Marbon:Chemical.COmpany gives the density
of CYbﬁlac.MS-as 1,08:g/CC'With'nO.range indicated. This investigation
found a-densifY'QfTI;OQQZg/ccy Both Marbon and Diamond Shamrock
give ASTM D-792 as the testing method.

The results for the density of ABS become very interesting when
comparing them to the springback of ‘the parts, Figure 42 and Figure 8
-are- markedly similar. T@e'effectshof'10w~sgged, high speed, .and
.elemated,temperat&ré‘areaidentical. Figures 43 and 9 also are-éimular;
| Figure 44 is even more: striking. Not only does it show a linear
relationship:befweenithe~springback-and'dehsity, but when the line
iS'e#tendedito*l;O‘spriﬁgbéck,where:SPringback is complete, it:bre‘
dicts the value of the density of undeformed material to within
. 001 g/gQrorfa +091% difference.

The discussion of theteffe¢ts.af3fension'ahd the ratio of the
punch radius fowmatenial fhicknéss:onsspfihgbéck inaicated that
crazing was the suspected reason for the results. The effect of these
twoivariables on density confirm tﬁat suspicion, |

The effect of temperature on Springbackgwasfvery-signifiéani.v

= The results-of‘Figure:42‘indicate thatzcrazing'is%the-determﬁning
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factor for these results also, That is, increasing the temperature
reduces springback only because the material can craze easier,
(29) : - . :

Kambour defines a craze as a thin region of polymeric
material that is abruptly bounded and has more or less different
optical properties from the surrounding bulk polymer. He determined
that a craze in polycarbonate contains' a void content of between 409
and 50% and, thus, a decrease in density of the same amount,

) o . (30) it o T ok

In a recent article Kambour characterizes the voids: as
spheres approximately 200 R in diameter., The holes are intercon-
nected since liquids apparently can move through a craze with ease,

The ABS material, therefore, when conforming to a radius will
.doisg plastically only if the material in tension is able to expand.
This expansion is accomplished by a crazing of this material in
tension;, o

The. results for PVC indicate a slight decrease in density, but

the effect of tension is not as clear as it was for ABS, The results

for conditions 10 and 11 establish a similar pattern as ABS, but
condition.12:apparéntlyf§i@ not involve a severe enough increase in
tension to .give a significant change., The reason for this was that
the %oughnéss oi‘PVC.did:nofﬂaliow the material to respond to tension
increases as readily as ABS,

Theftensile'pfqurtiés of PVC for Bend T,followed'the,sgme.patjen?
as ABS. 'Since'th¢ d¢n§itYChange~was'n0t.as great but the drop in
tensile strength was (See Bend T-Qf Table;5}, the*resulté iﬁdicate

g _ . : . |
that theismaller“radiué'ygs the cause of the yielding properties.




Thus, although a radius of 10 times the material thickness had no . . . .

substantial effect on the tensile properties, the reason was not
necessarily that the material reacts differently under the stress
system, but that the die radius was not small enough to show such a
change. This conclusion must be made with qualification, however,
since the material at the bend was not "unbent"'under tension as it
was along the side. J

2. Results of Optical Microscopy

Figure 45 shows a comparison of the surface of the top of the
trough and the bend of the ABS. The texture clearly shows the crazed
area. The.éirection-of the axis of the craze is parallel to the bend
(i.e. perpendicular to the applied tension), which is what would be
expected.

3. Results of Electron Microscopy

Figures 46 énd'47fshOW eleCtrOnmicrograEhs of  the ABS at the

-

surfiacé and at the interior, as represented by a fractured surface.
The smooth areas of Figure'46;are*difficult to understand. No
references were found which gave similar results. Since surface

effects can be complicated, and the applicatien of the results to this
investigation«qUestignéblej~no further efforts were made at inter-:

pretation.

32) 733y (34)

- studies such as fhdse:by,Kato,:

The particles are the polybutadiene rubber components. * According to

s

Matsuo the crazes could be visible in these micrographs since they have
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an initial width of about the same dimension as the diameter of the

" Tubbér particles.  YI the ¢razés ire just At the portion of the bend

that is in tension, they may not be able to be seen in a fracture
surface which includes only a portion of the cross section,

Matsuo used the surface of a compression molded specimen to
Observe the crazes. This surface, like Figure 46, did not give the
same morphology as a fracture surface, but did show the crazing
clearly.,

:Figurew46ﬂdbésant:ShOW'the'¢PaZing‘tb'the extent that was .ob-
vserveﬁ.by;MatsuQs There-arefmarkings;Whiehwmay*be<aﬁ:indicafionAGf

CfaZing;but this Gould:nﬂt‘beicbnfirmed@ The fact that this was

extruded rather than compression molded may be part of the explanation

for the~differencezin'fhe"results, Another reason may be the magnitude

éﬁd-tpe'duration'Of the stress, which was hot specified by Matsuo,

A third possibility may be the limitation Of‘thendepthtof‘field?whidhy

for thiS;material,;mayvnot have allowed the crazing to bé observed,
In order to increase the depth of field several attémptS:Wereﬂ
made at‘lOOkingfat‘thefmatEﬁial with,a»scanningfelecfrén microscope:

Gold. ¢hromium, and carbon were tried as the conductive layer on the

Surfacefcf_the-piaéticsp The condUctive*layer-wasAevaporated onto the

| o 0 | g |
surface at a thickness of 100 A to 200 A, NQne;of‘these%attempts-pro—

vided a satisfactory image.
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IV. THEORETICAL CONSIDERATIONS
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The material that must conform to the punch and die radii during
the deformation is subjected to a bending stress, as well as a tensile
stress, due to friction. The result is a complicated system that can
only be thoroughly understood with a full knowledge of the material
characteristics in tension, as well® as compression. Further, any
analysis will contain some assumptions which allow computation of the
stresses duringadefOrmation, ’Thesé-aséumptionS'also'mustibe'basedion-

the material characteristics. Since current information does not give

all of these characteristics, a complete stress analysis is not possible.

an attempt will be made at 4dn analsis With'thﬁ-ﬂbjéﬂthe‘Qf

prOViding‘at least an insight into the system.

However,

This analysis will consider the effects of pureé frictional tension
on a material being formed over a radius. It will also eonsider the -

..,'q e

effects of pure bending, neglecting the frictional forces. Thé results

will be superimposed, assuming that these stresses are linearly additive.

fhiS:IaSt-assumPtion»’Of5cpurse» iS'quife.strong:and-qpen to

- serious question. iHOWGVer;;SWi‘ft(Sl) analyzed the problem in exactly

this manner. .He was able to justify his assumption by considering the

degree of flexture sufficient to make elastic strain negligible, yet

and compression. Further, he consideréd the Bauschinger effect

negligible by comparison with the total plastic strain involved. And,

finally, the strain-hardening factor is unaffected by a stress reversal:.

These conditions, of course, were applied only to metals.
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First, consider the effects of friction on the process. Figure 48a

shows a small section of a material conforming to a radius, R. If 66

is taken to be very small, its cosine approximately equals 1, and its

sine is approximately 66. If all higher order terms involving ~ 66

are neglected, the following equations can be writtén:(3l)

A summation of the forces in the X direction yields:

T: Applied tension
©: Angle about radius being considered
ki Coefficient of friction

&: Intensity of the interfacial pressuré between the. tool and
material

R: Radius about which the material is ¢on£qrming -
F: Normal force applied between the material and the tool
Ih@asumeﬁf-the,fbrces=in7fhe_yﬂdirecrionyields:

@ =T-PR (2)

The sum of the moments about 0 yields:
p dT 2
f1ge T HPR (3)
‘1 de K

Ri: Location within thé‘thiCkHQSs being considered

from (3) p:EL% -
MR | | (4)

*  substituting (4) into (1):

(R i R s
F = ....:_I‘; -1 g—T- or. 9£ = _]; -1]d ZT (5)
J a8 de do” -
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:Zubstituting (4) and (5) into (2):

J"/

(E_l.—l)i%’_l.‘+§i 'q‘T""T=O,
R 462 wur db

or Ry d2T Ry dT | )
u It Tt HT=0

¥

Since both u and [ N1 | |

R
order o0f:0,1, their product is small enough to neglect the —__ tern,

d62

. dT -
Thus, = =u ’; d
1

or T = Ty exp f[u-g ABJ (7
.1

where Ti is the applied tension and ‘A6 is the angle about the radius
being considered,
This gives a:tensi@ngwithih.theﬂthigknesslof‘the-material as

shown in Fig, 48b. That is, the tension within the strip varies from

A = Ty expfuaf) to B = T4 exp[ L Ae]
R+t
ﬁcw consider Fig. 49a, which is materialfbeing~beﬁ%~éboutla
radius but no tension is being applied, |
The strain pnﬂthe outermost material is:

¢ R246 - RAG _ R2- R

Rz; Location of the neufrﬁl‘axis

‘The SfTESS'HSSOCiated=With-this strain can be obtained from a

stress-strain curve and a plot of the stress within the, thickness of the

material is shown in Fig. 49b.




.....

If the neutral axis for pure bending is assumed to be midway within

the thickness of the material, the quantities A, B and C for condition

1 through 9 (ABS material) are listed in Table 9. This is the stress

within the material as it conforms to the radius where A6 is -f

Fig. 50 shows the resultant stress for the general case. Bending
is ‘seen tn*bé”the predpminant.stress system at this point of the

deformation.

TheZSHbSéquenf'Stﬁaightening that Oécﬁrs:after deformation about
the die radius further complicates the ‘problem. This-straighrening*

The final result is a
material that has & cross section of some material in compression and
some. in tension. This is considered to be the cauge of non-homogeneous

yielding,
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V. CONCLUSIONS

The stated objective of this investigation was to (1) determine the

effect of gge "bending under tension'' stress system on polymer material,

and (2) to determine the variables that are important in deep drawing

as far as this stress system is concerned.
All the VariableSiWithin‘fhe.rangé considered had an effect on

the final reSU1t,'althoughftheirdLE‘Qf'speed;Of“déférmation could not

be fully understood due to~the;limitation'ofithe}range, Increased
tension, higher temperature or a smaller ratio of punch radius to
material thiékneSS increased the severity of the deforfiation. An
increase in temperature had,.inigeneral, the greatest effect, which would
be expected with a polymer material. However, its effect was basically

the same as that obserVed‘by;changing'the other variables. That is,

noivariableﬁpredﬁced»a;unique'effect.on.the-partﬁ The optimum
combination%of'fhe variables, therefore,.depends.upbn the particular
situétion‘in Makiné“e‘specific part.

=TWO-eonc1dSibns may-berreaehed'e6ncerniqg~tﬁereffects of the stress
.syStemﬁon;pplymer material. The fact that only one stress system in
the deep draw1ng process was considered must be remembered ;

In general, both the Cycolac MS (ABS) and. the Dacovlm 2082 (PVC),
were- affected by the stress system and exhibited new material propertles.

~

The spec1flc conclus1ons are
1. lecolac-MS*CABS),Whiph,has conformed under tension to a
radius of 10 times its material thidkness‘and'hes-fhen~been

"unbent” under tension, will subsequently have a new tensile

<




stress~strain relationship dﬁe to non-homogeneous yielding of
the deformed material.

Dacovin 2082 (PVC), subjected to a similar deformation, will
not be affected similarly, but~wili exhibit substaﬁtially the

same stress-strain behavior as the undeformed extruded

material.

2. Cycolac MS which has conformed to a radius under tension will
be permanently -deformed only to the extent that the material
which is in tension at the radius becomes crazed. Such a
Spgcimeni”will.also exhibit new tensile stress-strain properties:
Dacovin 2082 which has conformed under tension to a radius of 3
times its material thickness, but not subsquently'”unbent"
under tension, will exhibit a change-in tensile stress=strain
properties similar to the“€fcolac MS.

The_hew.stress—strainEbéhaViQr to which the above refers consgists

:5Qf;‘(I) ﬁ:aeé;gﬁse in tensgile strengt&, (2) an absence of an upper yield

gdint, (3) an increase in the % eldngation_at-yieldg Hnd:(g) an increase

in théA%;elongationaaf break. Crazing may cause the fourth effect not: to
be observed at the bend, since the sample could brEakarematurely,dué
i'1:'-0;’-"c'-il’-l'e_ crazed material.

Thé~signi£icanee of these conclusions is that the“suﬁggﬁﬁgﬁf

- behavior of the ABS and PVC con?armihg‘uhdér“tEhSion to a radius will

ifbe~SUbS¢antiallydifférent, depending’upﬂn:the'size'of;thé=radius:;nd

7the;amount of tension. Tﬁislnéw behaviorzmay ﬁot'negessaéily:be

detrimental. If the material yields non-homogeneously, as the ABS

A B e e e .
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did when conforming to a radius of 10 times its thickness, non-

homogeneous yielding may be used to an advantage through the use of

draw beads and other tool design considerations. In general, non-

homogeneous yielding could improve the formability of the material.
Crazing also could be an advantage. Material that has not crazed

but ig,restrained.dug to the geometry Qf,the,parttmay4contéin internal '
sfreSSeSithat would be harmful to a particularﬁapplication. In this case
a.praz?d:materiainmay be more desirable since, as the restults of spring-
back indicated, this material could retiin the shape of the punch nose
without the aid of a restraining;geﬂmétr&a

0 "Howe ver, .crazing can be considered harmful y Since there is a loss
in:stxengih and the material is more susceptible to contamination such
as staining. NonéhomOEGnéous,yielding-may'reﬂUCethe amountxof'this
unwanted crazing. If the material that will subsequently be in tension
when conforming to fhépunCh'radiUSiis previously placed in compression,
the material may yield in such a manner that it will no longer craze.

Subsequent'eXperiments.in~this area may be. fruitful.

S
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TABLE I

Properties of Cycolac MS as Stated by the Marbon Chemical Company

.125"
Property Conditions Units Thickness
Falling Dart Impact 73° F ft-1bs 18
-10° F 8
Tensile Strength 73° F psi 6,000
(at yield) |
Elongation 73° F % 5.
(at yield)
Tensile Modulus 73° F psi 300,000
Flexulal Strength 730 F psi 10,000
Flexulal Modulus 730 F psi 340,000
Density 73° F g/ce 1.08
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; TABLE 2
Properties of Dacovin 2082
as Stated by the Diamond Shamrock Chemical Company
Property Units Value
Izod Impact ft. 1lbs/in. of notch 4 - 5
Tensile Strength psi - 6900
Durometer, hardness. 84 + 3
Density g/ce ll422i .02
AN
<
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TABLE 3

jSpeed'Pfdfile‘for 1 GYcle.of Punch Press

Distance of Travel.
(inches)

0
1/16
1/8
23/16‘
1/4
5/16
3/8
7/16
1/2
9/16
5/8
11/16
3/4
13/16
/8

15/16

Low Speed
in/min.

High Speed
in/min.

0

210
292
352
399
438
471
499
522
542.
559

'573

584

092
o598
602

0
502
699
842
955

1049

1127

1194

1298

1339

1372
1398-
1418

1433

1441

1444
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CQnditiQp  “Material,

0

10

11

12

ABS
ABS
ABS
- ABS
ABS
. ABS

ABS

ABS

ABS

ABS

PVC

PVC

PVC

1y

Thickness

(inches)

.050
. 050
.050
:050
050
. 050
.050
5030
. 015
1050
+~050
. 050

TABLE 4

Temperature,
OC; before
Deformation

Room

Room

Room

Room

Room

Room

Room

95

Room

Room

Room

.Deformingleonditions

Speed of
Deformation

Undeformed

Liow

Low

Low

 High
High

High

Liow

Low

Low

Low

Low

Low

Approximate Tension
in Blank-Holder prior to
Deforming over Die Radius

(psi)

250

680

1050

800

1030
1230
680
180

620

920

0§




-Side T
Side P
Bend T

Bend P

7.9 2.2 3.0 3.4 - .54 1.4 1.2 -2

*Samples are compared ‘to the tensile strength

TABLE 5

Pérceﬁt'Decréase’in TEHSiLe.Sfrength*
Conditions

1 3 3 4 5 6 7 8 9 10

13, 10 11 14 ° 10 13 14

=-8 5.8 4.5
e 14 18 17 16

of the top along the same
direction,

12

$2

16 14 13 17. 17.

. 5

TS




Percent 1 nerease in Per

%\K‘ 1 2

. Side T 1.47 45

"~ Side P 8.3 .64
Bend T 43 150

. Bénd P 2.8 2.6

TABLE 6

cent Eleotigation at Yieldx

Conditions

&

12

4.2

14.

18

*Samples are compared -to. the ﬁercenf:élongation.at yieldfof'the»top?along

same direction.




Side 1
Side P
Bend T

Bend P

Conditionsg
1 2 3 4 5 6 - 7 8 9

100 92. 175  -119¢ 52 190 100 93 120

~44 25 90 67 88 16 82 67 86

4l -3.8 84 -30 17 52 34 80 100
82 110 110 310 110 100 91 77 170
*Samples are compared to the percent élangatinn:at break of

the same directi oh..

10 12

- 1 » 5 33 -
-23 +29,

=17. -15,

the top along

€S




Side T
J‘Siae;P

Bend T
L Bend P
Top T

‘Top P

% Deic rease in
Tensile Strength
Condition
10 12
6.7 7.9
11 14,

TABLE 8

7% Increase in %
Elongation at Yield
Condition

- Percent Change in'TegsilegPropérti@s.ofTPVC‘fﬁbm.Undeermed Material

% Increase in %

Elongation at Break

Condition
10 12

=19. 3.6

2 . 2 . 2 2 |
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TABLE 9

Stresses in ABS during Deformation

A B c A B C

Condition (side) (side) (side) (bend) (bend) (bend)

R O AT T AR R P SN
0 2 Y

266

722
1120
329
850

1370

1090

1310

722

264
719

1110

846.
1360

1088

1300

5400

5400

5400

5400

5400

5400

5400

266
722
1120
329
850:

1090

1310

722

262
712

1100

325

838

1350
1084

1300

5400
5400
5400
5400
5400
5400
4600
4400
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of deformation

FIG. 6 SprinngCR'as.a.Functibniof.Time:for PVC
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Complete Springback

1.00 T T T T s e m i e em e e e et e e o o e wr e s -

Springback
%
2
!

I3

Mumbers denote condition of deformation.

- K 0 2. 4 6 8 10

Punch Radius

Material Thickness
. a

' “FIG. 9 Springback as a Function of Pungtha&ﬁusftbgMQt

” arterial
Thickness Ratio for ABS,




Tensile Strength (PSI)
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Figure 11. Tensile Strength of ABS Specimens from

Side P for the Different Conditions of
Deformation | .




e R
O R S S B SR By A S rei e R

ST s e e e s

Tensile Strength (PSI)

6000 |-

T
5800 |-

L
5600 (-
5400 |
5200 |

5000 | 7] ]

4800 (- L

4600 | ]

4400 | :

4200

4900} |

1 1 A
o 6 7 8 9

{ S T T T
4

0 1 2 3

Conditions of Deformation

Figure 12. Tensile Strength of ABS Specimens from Bend T
for the Different Conditions of Deformation
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Figure 13. Tensile Strength:ijABS‘Speciméns from Bend P
for the Different Conditions of Deformation
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Figure 14. Tensile Strength of ABS Specimens from Top T
for the Different Conditions of Deformation
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Figure 17. Percent Elongation at Yield of ABS Specimens from
| Side P for the Different Conditions of Deformation
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Figure 18. Percent Elongation at Yield of ABS Specimens from

Bend T for the Differént Conditions of Deformation
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Figure 20, Percent Elongation at Yield of ABS Specimens
from Top T for the Different Conditions of

Deformation
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Figure 21, Percent Elongation at Yield of ABS Specimens

from qu!P for the Different Conditions of
Deformation o

|_] || LI [

(] l_I"‘]

L ||—.;

|| Dl _|'|_| Lo |

—



T

\ e za
100q_
4
o
o
¥
m
.:.; 75 how -r T "r
o]
(0]
ol
5
o -
&0 - T
o :
o ' | v
—4
3 T
&
8 50 - - - _
13
o T
[a¥
Jh
1 4
1 B 1
25 |-
L
0 1 | I N N N S N NN N |
0 1 2 3 4 5 6 7 8 9,

Conditions of Deformation

Figure 22. Percent Elohgation at Break of ABS Specimens
from Side T for the Different Conditions of

Deformation

..........




Percent Elongation at Break

r
v o et 3
REY R i e T e e e ot Ve rev e e T %

: S Conditions of Deformation
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Figure 25. Percent Elongation at Break of ABS Specimens
from Bend P for the Different Conditions of
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FIG. 28 Percent Decrease in Tensile Strength of ABS
Specimens from Bend P as a Function of Punch
Radius to Material Thickness Ratio.

o 4.'r},,-‘ .




84

A 17
(o
]
)
A 16 L
)
4y
o
W 15 F
o
)
£
%
14 P
o
~
'
@
o 13 F
~
o
=i
o 12
n
(4]
o)
3
8 11 r
=
0 10 F Numbers denote condition of deformation
54 ~
O ~
¥ L l 1 1
§) 500 1000 | 1500

Tension (PSI)

FIG. 29 Percent Decrease in Tensile Strength of ABS
Specimens form Bend P as g2 Function of Tension




R T NES

IS T oy s

(High Speed)

(Low Speed)

We

, ) . 1
0 . 500 1000 1500

Tension (PSI) |
Numbers denote condition of deformation

FIG. 30 Percent Increase in Percent Elongation at Yield
of ABS Specimens from Side T as afFﬁnﬁtiﬂn of
Tension. : -




¢
¥
h
£l
3
k4
A
0
&
2l
o
ot
¥
o
)
“‘"

ESRnSS Y

R T T ey e gt ey

B

B e R S B AT O S N A N o

SRS

—

=~
©
=
Q
(a8
'S
(0§
T
Qo
~
>
=
4y
o
(o]
o
+
o
o
)
4
=
<~
=
o
O
S~
k)
Ay
=
~
()]
0
©
1))
-
&)

b=t
N5
3=
§0)
13)
-y
(1))
Ry

220“‘

200 -

180

160

140

120

100

80

60

40 L

20

86

(High Speed)

Numbers_dénote condition of deformation

1 |

I
200 | - 1000 1500

Tension (PSI)

- FIG. 31 Percent Increase in Percent Elongation at Yield
of ABS Specimens from Bend T as a Function of
Tension.




gation at Yield

Percent Ihcrease in Percent Elon

120 |
100 k
e~
g 80 f
(1))
(a8
s 60 F
40 |

20

Numbers denote condition
of deformation

FIG. 32

Punch Radius
Material Thickness

Percent Increase in Percent Elongation at

Yield of ABS Specimens from Bend T as a
Function of Punch Radius to Material

- Thickness Ratio.




¢
(s

B

(V)]
o
2
4
0
x>
«©
[¢))
4
a8
+
[\
o)
o,
i
i)
s
b0
e
o
~
R
o
o
Q
O
A
s
~
)
bn‘
[}
©
K]
@)
+
{=
)]
O
&
QD
jo¥

40 F

=120

~-160 [~

200 |

160 [

120

88 v

]
1000

Tension (PSI).

Numbers-denbte;éanditiQn-éf“defarmatiqm

. |
1500

FI1G. 33 Percant Change in Percent Elongation at Break of

ABS Specinens fromSidé T as a Function of Tension

~=,




rasdm

120

110

O
o

80

at Bend P

70

60

50

Percent Increase‘inzperéent'ElOﬁgatiQﬁ_at“Break

FIG., 34

100

Numbers denote condition of deformation
| S T I SN T
0 2 4 6 8 10

Punch Radius
Material Thickness

Percent Increase in Percent Elongation at
Break of ABS Specimens from Bend P-as a

Function of Punch;Radius-to Material
Thickness Ratio.




90

6000 [ -

¢ Parallel

5000 T

Transverse

Stress (PSI)
b}
_(’

1000 F

Strain, 9

. FIG. 35 'Stress-Strain Relationships for Undeformed ABS




SRR

R e AT Y TI e

IS TR ey

B e ey

G A W et ot :

&

Stress. (PSI)

91

6000

Transverse.
5000 L

Parallel

2000"[ T

1000

I . . .

10 20 30

o

Strain, 9

FIG. 36 Stress -Stirain Relatlonshlps for ABS
Spec1mens from the Top-.




—— s
Transverge

Stress (PSI)

10 20 30 40

Strain, %

Relationships for ABS S:gpje:c imens from

: | FIG. 37 Stress-Strain
the Side.

T W S e T e T

IR

£25 e e

PERER S et e e

SR et v s v o




93

5000 [
Transverse

Parallel ot —X

=
o
o
O
!

Stress (PSI)

1000

1 ] N e
0 10 _ 20 30 50 60

[~
(g 34
—

Strain - g

FIG. 38 ‘Stress-Stra 1n Relationships for ABS Specimens from the Bend




-ImpaCi:Strengﬁh;(ftﬁlbsyinz)

150 |-

200 b

- Undeformed

- Undeformed

Top T Condition 3
- Side T Condition 3
- Side T Condition 3
- Side T Condition 1

HEHEODOWD >
|

B, C, E, and F were from

the same sheet of material.

]

i ] 1 q 1 L
A B C D E F

Condition of Specimen

FIG. 39 Impact Strength for ABS at fhe Top and

the Side




95

1.12-
1.11f T

1.10} !
I

1.09}

1.08L T T .J

1.07F | T

Density (g/cc)

1.06f

1.05p

1.04L

L | 1 1 1 | ] ] 1 i | 1
0 3 3 1 2 3 4 5 6 7 8 9

Top Side Bend

Condition of Deformation

FIG. 40 Density of ABS at the Top, Side and the Bend
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(a) Top

(b) Bend (Arrow designates bend axis)

FIG.45 ABS Viewed at 190X with an Interference Contrast
Microscope
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(a) Top (b) Side
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FIG. 46 Electron Micrographs of the Surface
of ABS at the Top, Side and Bend
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(a) Undeformed

(b) Bend

"FIG. 47 Electron Micrographs of Fractured ABS




103

b ) +A

(b)

FIG. 48 Stress Associated with Tension on a Matérial,CanQrming
to a Radius |




104
R
(a)
.
- )
, o .
(b)




105

/

AN

-C + A

FIG. 50 Cembined Stress of Material Conforming to a Radius inder
i Tension




11.

12.

13. -

14.

Mallee, F. M.

106

BIBLIOGRAPHY

, 'Plastic Sheet that can be Cold Formed", Tool and

Manufacturing Engineering, V. 47, p.116 (1961).

Humeniuk, J. T., "Why not Take a Look at Cold Molded Plastics',

Plastics Design and Processing, V. 6; No. 2 (1966).

Cheesmore, R.

., and C. Sanders, ''The Cold-Forming of Plastics Sheet

Using Conventional Tin-box Machinery", Plastics Inst. & Journal,
February (1966).

Gruenwald, G.
Applications"

; 'Cold-Formed Polycarbonate Resin-Properties and
, Modern Plastics, V. 38, p. 137 (1960).

Coffman, P. M.,."Forming of Plastics by Metal working Techniqpes”j
Proceedings of the 26th Technical Conference of the Society of

Plastics Engineers, V. 14, p.225 (1968).

.. .Alexander, J.
Metallurgical

‘M., "An Appraisal of the Theory of Deep Drawing'

Reviews, V. 5, No. 19, p. 356 (1960).

).

‘Murray, G., "'Research into Deep Drawing', Sheet Metal Industries,

V. 35, No. 377, p. 658 (1958).

Swift, H. Ww.,

"Mechanism of SimpLeTEgQEADrawingtOperatiQnﬁi

Engineering, V. 178, No. 4627, p. 432 (1954).

i %Chung,»s. Y},

and H. W. Swift, "Cup-Drawing from'a Flat Blank",

Proceedings of the Institute of Mechanical Engineering, V. 165,

(1951).

Landberg, P.,

: R TR - " o s ~
"'Some Remarks on Deep: Drawing", Micro technic,

V. 16, No. 1 (1962).

Coupland, H. T., and D. V. Wilson, "Speed Effects in Deep Drawing",

Sheet Metal Industries, V. 35, No. 370 (1958).

Quality Sheet

Whiteley, R. L., "The Importance of Directionality‘in Drawing--

Steel"”, American Society of Metals Transactions,

V. 52, No. 154 (1960).

Hill, R., "A Theory of the Yielding and Plastic Flow of
Anisotropic Metals', Proc. Roy. Soc., Ser. A., V. 193, p. 281,

(1948) ; The Mechanical Theory of Plasticity, Qxford'University

- Press, London, 13950, Chapter XII.

Lloyd, D. H.,
Industry - 2"

"Metallurgical Engineering in the Pressed Metal F
, Sheet Metal Industries, V.ﬁ39,,p;'822(ﬁébruaﬁy X

&

«




15.

16.
17.

18.

19.

21.

2 3 .
24,

26,
27.
28.

29,

107

Alfery, T., and E. F. Gurnee, Organic Polymers, Prentice-Hall, Inc.
Englewood Cliff, New Jersey: 1967, p.55.

Andrews, R. D., S. W. Allison, D. H. Ender, R. M. Kimmel and
W. Whitney, ''Research Study on Cold Drawing Phenomena in High

"Polymers'', AD 644021, (August, 1966).

Rothechild, P. H., and B. Maxwell, "Studies of the Cold-Working
of Polyethylene', Plastics Laboratory Technical Report, No. 59c,

Princeton University (1960).

Wilchinsky, Z w. Reduct1on of Brittleness in Polypropylene by
Cold Rolling', S. P E. Journal, V. 22, No. 3, p. 46, (1966).

Royer, R. G., and W. R. Meadors, "Deep Drawing of ABS Plastic
Sheet", Proceed1ng of the 26th Technical Conference of the Society

of Plastics Engineers, V. 14, p. 231, (1968).

Royer, R. G., and W. R. Meadors, "Deep Drawing of ABS Plasticg
Sheet", S.P.E. Journal, V. 24, (1968). -

Nielsen, L. E., Mechanical Properties of Polymers Reinhold
Publishing Corp , New York: 1962 p. 235.

Broutman, L. J., and S. Kalpakjian, ''Cold Formlng of Plastlcs 5
Program Design, Inc. Course held on June 21, 1968.

Kozlowski, R. R. "Cold~Form1ng R1g1d'PVC' Proceedings of the
26th Technical Conference of the Society of Plastics Engineers,
V. 14, p. 236, (1968).

Bell, G. A. The Measurement of Small Changes in Density in
Large Spec1mans , Australian Journal of Applied Science, Vol. 9,

p. 237, (1958).

Daane, J. H., and S. Matsuoka '"Effeots~of’OrientationfonVDynamic

,Mechan1cal Propert1es of ABS" Polymer{Engineering and Science,

V. 8, (October, 1968).

Andrews, R. D., ''The Nature of Time Effects in Solid Polymeric
Systems", Polymer Engineering and Science, V. 5, (July, 1965).

Brown, N. and I. M. Ward, "Load Drop at the Upper Yield Point of &

Polymer', Journal cf Polymer Science, V. 6, (1968).

Chalmers, B,, Phy51ca1 Metallurgy, John Wiley and Sons, New York:
1959, p. 219

e

Kambour, R. P., "Properties and Structure of Craze Marks in
Polycarbonatef, Polymer V. 3, (1962) |

A




30.

31.

33.

34.

D v N U S Uy S U

108

Kambour, R. P., "Stress-Strain Behavior of the Craze", Polymer
Engineering and Science, V. 8, (October, 1968).

Swift, H. W., "Plastic Bending under Tension', Engineering,
V. 166, (1948). |

Kato, K., "Electron Microscopy of ABS Plastics", Journal of
Electron Microscopy, V. 14, (1965).

Matsuo, M., 'Observation of Crazes in ABS - Polymer and High-
impact Polystyrene under the Electron Microscope", Polymer,

V. 7, (1966).

Mann, J., R. J. Bird, and G. Rooney, Fracture and Structure of
ABS Polymers', Die Makromolekulare Chemie, V. 90, (1966).




109

VITA

William B. Buettner was born on November 17, 1942 in Falls City,

Nebraska, the son of William and Mildred Virginia Buettner.

Mr. Buettner graduated from Marmijor. Military Academy in 1960.

In 1961 he entered“S%. Procopius Coliegc, Lisle, Illinois, and

graduated in 1965 with the degree of Bacielor of Science in Physics.

Since his graduation, Mr. Buettner has been employed by the

Western Electric Company as a Development Engineer. His initial

assignment was the development of assembly and test methods for the

manufacture of laminated and ferrite core inductors and transformers.

In 1967 he was transferred to Princeton, New Jersey as a candidate for

the Lehigh Master's Program.
Mr. Buettner is a member .of Sigma-Pinigmag the national physics

honor society.-




	Lehigh University
	Lehigh Preserve
	1969

	The bending of polymer material under tension as related to a deep drawing process
	William B. Buettner
	Recommended Citation


	tmp.1528232050.pdf.dClm0

