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APPENDIX A

ASTM D 638M
qgn') Designation: D 638M - 91a An Amercan Nabonsl Stances
METRIC
Standard Test Method for
Tensile Properties of Plastics (Metric)’
Thes sandard is issued under the fized designation D 638M: the diately following the ion indicates the year of
original adcpuioa or. -nmu:dmmevwn(umA ber in h ind¥ Mymo(hnmm.\

superscnpt conilon (¢} indicates an editonal change since the last revision of reapproval.

1. Scope

1.1 This test method covers the determination of the
tensile properties of unreinlorced and reinforced plastics in
the form ol standard dumbbell-shaped test specimens when
tested under defined conditions of pretreatment. tempera-
ture, humidity, and testing machine speed.

1.2 This test method can be used for testing materials of
any thickness up to 10 mm. However. for testing specimens
in the form of thin sheeting, including filin less than 1.0 mm.
Test Methods D 382 is the preterred test method. Materials
with a thickness greater than 10 mm must be reduced by
machining.

NOTE |—This test method is the companion t0 inch-pound Test
Metbod D 638.

Note 2—This test method may be used for tSsting phenolic resin
molded or luminated matenials. However. where these matenials are used
as electrical insulation. such materials should be tested in accordance
with Methods D 229 and Test Metnod D 651.

Note 3—This test metnod is not intended 0 cover precise physical
procedures. It is rscognized that the constant-rate-of-crosshead-
raovement type ol test leaves much to be desired (fom a theoretical
sandpoint. that wide dJifferences may exist between rate of crosshead
* movement and rate of strain between gage marks on the specimen, and
that the testing speeds specified disguise imporant etfects characteristc
of materials in the plastic state. Further, it is realized that varauons in
the thicknesses of test specimens. which are permitted by these proce-
dures, produce -ariauons in the surface-volume ratios of such speci-
mens, and that these variauons may influence the test results. Hence,
where directly compacable results are desired. all sampies should be of
eq_ﬁ:'l'micknesx Special additional tests should be used ‘where more
precise physical daw are needed.

NoTe 4—For tensile properties of resin-matnix composites reintorced
with oriented conti oc disconu aigh modulus >20 GPa
fibers. tests shall be made in accordance with Test Method D 3039.

1.3 This standard dves not purpon (o address all of the
safety problems. il any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate salety and irealth practices and determine the applica-
bility uf regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:

D229 Methods of Testing Rxg:d Sheet and Plate Materials
Used for Electrical Insulation®

D618 Practice tor Conditioning Plastics and Ekctnq]
Insulating Materials for Testing?

' This test method is under me;umdmn of ASTM Commiaee D-20 oa
Plastics and is the direct bility of Sub itee D20.10 on Mechanical
Properties.

Current edition approved Nov. 5. 1991. Published January 1992 Originally
oublished as D 638M - 31. Last previous cdition D 6380 - 91.

2 dnnual Bouk o ASTM Standards. Vol 10.01.

3 Annuai Busk oo ASTM Sicadards. Vol 03.01.

D 633 Test Method for Tensile Properties of Plastics?

D651 Test Method for Tensile Su'tngth of Molded Eiec-
trical Insulating Matenals®

D 382 Test Methods for Tensile Properties of Thin Flasuc
Sheeting?

D 883 Terminology Relating to Plastics®

D 3039 Test Method for Tensile Properties of Fiber-Resia
Composites*

D000 Qlassification System for Specifying Plastc
Materials®

D 4066 Specification for Nvlon Injection and Extrusioc
Materials?

£ 4 Practices for Load Verfication of Tsung Machines®

E 33 Practice for Verification and Classification of Exten-
someters®

3. Terminology

3.1 Definizions—Definitions ol terms 2pplying to this test
method appear in Terminology D 883 and Annex Al.

4. Significance —;.u_ld Use

4.1 This test method is designed 10 produce tensiie
property data for the control and specification of plastc
mategials. These data are also useful for qualitative charac-
terization purposes and for research and development For
many materials, thers may be a specification that requires
the use of this test method, but with some procedura
modifications that take precedence when adhering to the

. specification. Therefore, it is advisable to refer to that

material specification before using this test method. Table |
in Classification D 4000 lists the ASTM materials standards
that currently exist

4.2 Tensile properties may vary with specimen prepara-
tion and with jspeed and environment ol testing. Coose-
quently, where precise comparative results are desired, these
factors must be carefully controlled.

4.2.1 It is realized that a material cannot be tested without
also testing the method of preparation of that material
Hence. when comparative tests of materials per se arc
desired, the greatest care must be exercised to ensure that ail
samples are prepared in exactly the same way, ualess the test-
is to include the effects of sample preparation. Similarty. fof
referee or comparisons within any given series of specimens
care must be taken 10 securc the maximum degres of
uniformity in details of preparation, treatmeat, and hao-
dling.

4.3 Teasile propertics may provide useful data for plastcs

* Annval Book of ASTM Standards, Vol 1$.03.
* Annual Book wi" ASTM Standards, Vol 08.03.
* tnnual Bovk of ASTM Standards, Vol 9301.
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engineering design purposes. However, because of tac high
degres of sensitivity exhibited by many plastics o rate of
straining and enviroomental ‘conditions, data obtained by
this test method cannot be considered valid for applications
involving load-time scales or environments widely different
from those of this test method. In cases of such dissimilarity,
no reliable estimation of the limit of usefulness can be made
for most plastics. This sensitivity to rate of straining and
environment necessitates testing over a broad load-time scale
(including impact and creep) and range of eavironmental
conditions if tensile properties are to suﬂ'lce for engineening
design purposes.

Note 5—Since the existence of a true elastic limit in plastics (as in
many other org2nic materials and in many metals) is debatable. the
propriety of applying the term “elastic modulus® in its quoted Ily
accepted definition to describing the stiffness or n;aduy ofa plasuc h:.s
been seriously questioned. The exact stress-strain characteristics of

plastic materials are highly dependent on such factors as rate of -~

application of stress. temperaturs, previous history of specimen, etc.
However, stress-strain curves for plastics, determined as described in this
test method, aimost always show a linear region at low stresses, and 2
sraight line drawn tangent to this portion of the :urve permits
calculation of an elastic modulus of the usually defined type. Such 2
constant is useful if its arbitrary nature ana dependence on ume,
temperature. and similar {actors are realized.

5. Apparatus s

5.1 Testing Machine—A testing machine of the constant-
rate-of-crosshead movernent type and compnrsing essentially
the following:

3.1.1 Fixed Member—A fixed or cssfnualll stationary
member carrving one grip.

3.1.2 Movable Member—A movable mcmbcr carrviug a
second gnp.

5.1.3 Grips—Grips [ur holding the test specimen between
the fixed member and the movable member. The grips shall
be self-aligning, that is. they shall be attached o the fixed and
movable member, respectively, in such a manner that they
will move freely into alignment as svon as any load is
applied, so that the long axis- of the test specimen will
coincide with the directioa >f the applied pull through the
center line of the grip assembly. The specimens should be
aligned as perfectly as possible with the direction of pull so
that no rotary motion that may induce slippage will occur in
the grips: there is a limit to the amouat of mxsahgnmcnt
self-aligning grips will accommodate.

5.1.3.1 The test speamcn shall be held in such a way that
slippage relative to_the grips is prevented insotar as possihle.
Grip surtaces that ars deeply scored or serrated. with a
pattern similar to those of a coarse singlecut lile, serrations
about 2.5 mm apart and about 1.5 mm deep, have been
found satisfactory for most thermoplastics. Finer serrations
‘have been found to be more satisfactory for harder plastics
such as the thermosetting materials. The serrations should be

kept clean and sharp. Breaking in the grips may occur at

limes, even when deep serrations or abraded specimen
wurfaces are used; other techniques must be used in these
ases. Other techniques that bave beea found useful, parti¢-
ularly with sroooth-faced grips, are abrading that portion of
the surface of the specimen that will be in the grips, and
mterposing thin pieces of abrasive cloth. abrasive paper, or
plastic or rubber-coated fabric, commonly called hospital

sheeting, between the specimen and. the grip surface.
Number 80 double-sided abrasive paper has been found
effective in ' many cases. An open-mesh fabric, in which the
threads are coated with abrasive, has also been effective.
Reducing the cross-sectional area of the specimen may also
be effective. The use of special types of grips is sometimes
oecessary 10 eliminate slippage and breakage in the grips.

5.1.4 Drive Mechanism—A drive mechanism for im-s
parting to the movable member a uniform,” controlled
velocity with respect to the stationary member, with this
velocity to be regulated as specified in Section 9.

5.1.5 Load Indicator—A suitable load-indicating mecha-
nism capablc of showing the total tensile load carried by the
test specimen when held by the grips. This mechanism “shall
be essentially free from inertia-lag at the specified rate of
testing and shall indicate the load with an accuracy of £1 %
of the indicated value, or better. The accuracy of the testing
machine shall be verified in accordance with Practices E 4.

Note 6—Experience has shown that maay testing machines now in
use are incapable of maintaining accuracy foc as long as the periods
berween inspection recormmended in Practices E 4. Hence, it is recom-
mended that each machine be studied individually and verified as often
as may be found necessary. It will frequently be necessary to periorm
this function daily.

3.1.6 The fixed member, movable member. -drive mecha-
nism. and grips shall be constructed of such matenials and in
such proportions that the total elastic longitudinal strain of
the system constituted by these parts does not exceed | % of
the total longitudinal strain between the two gsage marks on
the test specimen at any time during the test and at any load
up to the rated capacity of the machine.

5.2 Extension [ndicator \exiensoreter)—A suitable in-
strument shall be used for determining the distancs between
two designated points within the gage length of the test
specimen as the specimen is stretched. For referee purposes,
the extensometer must be set at the full gage-length of the
specimen, as snowu in Fig. L. ICis desirable, but not essential.
that this instrument automatically record this distance. or
any change in ‘t, 25 a funcdon of the load on the test
specimen. or of the eiapsed time from the start of the test. or
both. If only the latter is obtained. load-time data must also
be taken. This instrument shall be essentially free of inerua
at the specified speed of testing. Extensometers shall be
classified and their calibration periodically verified in accor-
dance with Practice E 83. -

5.2.1 Modulus-of-Elasticity Measurernents—For modu-
lus-of<lasticity measurements, an extensometer with a max-
imum strain error of 0.0002 mm/mm that automatically and
continuously records shall be used. A Class B-2 extensometer
(Practice E 83) meets this requirement.

5.22 Low-Extension Measurements—For elongation-at-
vield and low-extension measurements (nominally 20 % or
less), the same above extensometer, attenuated to 20 %
extension, may be used. [n any case, the extensometer
system must meet at least Class C (Pracuce E 83) require-
ments, which include a fixed strain error of 0.001 strain or
+1.0 % of the indicated strain, whichever is greater.

52.3 High-Exiension Measurements—For making mea-
surements at clongations “¥reater than 20 %, measuring
techniques with error no greater than +10 % of the measured
value are acceptable.
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5.3 Micrometers—Suitable micrometers, reading to at
least 0.02 mm for measuring the width and thickaess of the
test specimens. The thickness of nonrigid plastics saould be
measured with a dial micrometer that exerts a pressure of 25
%+ 5 kPa on the specimen and measures the thickness to
within 0.02 mm. The aavil of the micrometer shall be at least
30 mm in diameter and parallel to the face of the contact
footr.

" 6. Test Specimens

6.1 Sheet, Plate, and Molded Plastics:

6.1.1 Rigid and Semirigid Plastics—The test specimens
shall conform to the dimensions shown in Fig. 1. The Type
M-I specimen is the preferred specimen and shali be used
where sufficient material having a thickness of 10 mm or less
is available. The Type M-III specimen shall be used where
only limited matesial having a thickness of 4 mm or less'is
available for evaluation. or where a large number of speci-
mens are t0 be exposed in a limited space (thermal and
environmental stability tests, etc.). The Type M-Il specimen
should be used when direct comparisons are required be-
tween materials in different rigidity cases (that is, noarigid
and semirigid).

6.1.2 Nonrigid Plastics—The test specimen shall conform
10 the dimensioans shown in Fig. 1. The Type M-Il specimen
shall be used for testing nonrigid plasm: with a thickness of
4 mm or less. The Type M-I specimen must be used for all
materials with a thickness greater than 4 mm but not more
than 10 mm.

6.1.3 Reinforced Composites—The test specimen for rein-
forced composites, including highly orthotropic laminates,
shail conform to the dimensions of the Type M-I spcc:mcn-
shown in Fig. 1.

6.1.4 Preparation—Test specimens shall be prepared by’
machiniog operations, or die cutting, from materials in-
shest. plate, slab, or similar form. Matenals thicker than 10
mm must be machioed to 10 -mm for use as Type M-l
specimens. Specimens can also be prepared by molding the
material to be tested.

Note 7—Test results have shown that for some raatenials such s
tlass doth. SMC, and BMC laminates, other specimen types shoruld be.
coasiered 10 ensure breakage within the gage length of the specien, 28
mardated by Section 8.3.

NoTE 8—When preparing specimens from cerain composite lami-
nates such as woven roving, or glass doth, care must be exercised in
cuning the specimens parallel 10 the reinforcement. The reinforcement
md‘cm!ﬁqcnﬂymkcnedbycumn;onabus.mﬂnngm lower
lamicate properues. ualess testing o(speomcns ia a direction other thaa
parzilel with the reinfc [~ a variable being studied.

NOTE 9—Specimens prepared by injection motding may bave &F
fereat tensile properties than specimens prepared by machining of
dic-cutting because of the orientation induced. This effect may be more
procounced in specimens with narrow sections.
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5.2 All surfaces of the specimen shall be free of visible'

flavs, scratches. or imperiections. Marks lefR by coarss:

machining operations shall be carefully removed with a fin¢
file or abrasive and the fif surfaces shall then be smoothed -
with abrasive paper (No. 00 or finer). The finishing sanding-
strekes shall be made in a direction parallel to the long axis
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FIG. 1 Continued

of the test specimen. All flash shall be removed from a
@olded specimen. taking great care not to disturb the
wolded surfaces. In machining a specimen, undercuts that
would exceed the dimeasional tolerances shown ia Fig. |
shall be scrupulously avoided. Care shall also be taken to
Woid other common machining errors.

. 6.3 Ifitis necessary to place gage marks oa the specimen,
tis shall be done with a wax crayon or [ndia ink that will not
_ UTect the material being tested. Cage marks shall not be
" xrazched, punched. or impressed o the specimen.

"~ 6.4 When testing materials that may be suspected of
Aisotropy, duplicate sets of test specimeas shall be prepared
baving their long axes respectively parallel with, and normal
©, the suspected direction of anisotropy.

1. Conditioning

1.1 Conditioning—Condition the test specimens at 23 +
TCand 50 + 5% relative humidity for not less than 40 h
Pior 0 test in accordance with Procedure A of Practice
D618, for those tests where conditioning is required. [n cases
o disagreement. the tolerances shall be +1°C and +2 %
Rlative humidity.

. 111 Note that for some hygroscopic materials, such as
lons, the material specifications (for example, Specifica-
Y%on D 4066) call for testing “dry as-molded specimens.”
Sach requirements take precedence over the above routine

oeconditioning to 50 % relative humidity and require °

ing the specimens in water vapor-impermeable con-

tainers as soon as molded and nor removing them uatil ready
for testing.

7.2 Test Conditivns—Conduct tests in the Standard Lab-
oratory ‘Atmosphere of' 23 + 7°C and 50 = 5 S relative
bumidity, unless otherwise specified in the test methods. [n

cases of disagreement. the tolerances shall be +1°C and
* 2 % relative humidity.

Note 10—The tensile properties of some plastics change rapidly with
sraall changes in temperature. Since heat may be generated as a result of
straiding the specimen at high rates, conduct tests without forced cooling
10 ensure uniformity of test conditions. Measure the temperature in the

- reduced section of the specimen and record it for materials where

self-heating is suspecied.

8. Number of Test Specimens

8.1 Test at least five specimens for each sample in the case
of isotropic materials.

3.2 Test ten specimens, five normal to. and five parallel
with, the priaciple axis of anisotropy, for each sample in case
of anisotropic materials. :

3.3 Discard specimens that break at some obvious fortu-
itous flaw, or that do not break between the predetermined
gage marks. and make retests, unless such flaws constitute a
variable to be studied. u

Note t1—Before testing. "I transparent specimens should be in-
spected in 2 polariscope. Those which show atypical or concentrated
staia paterns should be rejected. unless the etfects of these residual
strains constitute a variable to be studied. -
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TABLE 1 Designation {o¢ S;:2ed of Tesirg”

5 iomee Suan®
Speed of Testng, ’mzlsm

Castics- Speamen
_W!‘

Type it of Test. mmjmm-mn
Rigd and seminigid (3] $=25% 0.1
S0=10% '
500=10% 10
M §5=25¢ 0.1S
S0=10% 1.5
500=10% 15
M- 1=225% 2.1
10=25% [
2 100=25% 10
Nonnga L] 0=10% |5
' 300 = 10 % S
4 Select the lowest Speea NAt Proouces OLre N 4 10 5 mn lor Tie specmen
geometry Deng used (see 9.2).
* S2e Defini 0883 for
€ The instial rate of strasmng Canno: be cacudated exacty lor cumdbes-shaped
= b of both n the recuced secion outsiCe the gage

fengt anC in the flets. This rvhal strain rate can be Measwred from e wtial siope
of the tensde stran-versus-ume diagram.

9. Speed of Testing

9.1 Speed of testing shall be the relative rate of motion of
the grips or test fixtures during the '=st. Rate of motion ot the
driven grip or lixture when the testing machine is running
idle may be used, il it can be shown that the resulting speed
of testing is within the limits of variation ailowed.

9.2 Choose the speed of testing from Table . Determine
this chosen speed of testing by the specilication for the
material being tested. or by agresment between those con-
cerned. When the speed is not specitied. use the lowest speed
shown in Table | ior the specimen zeometry teing used.
which gives rupture within ¥: 1o 3 min testing ume.

9.3 Modulus determinations may be made at the speed
selected for the other tensile properties or as required by the
specification.

10. Procedure

10.1 Measure the width and thickness of nigid tlat speci-
mens (Fig. 1) with a suitable micrometer to the nearest 0.02
" mm at several points along their narrow sections. Measure
“the thickness of nonrigid specimens (produced by a Type
M-Il die) in the same manner with the required dial
micrometer. Take the width of this specimen as the distance
between the cutting edges of the die in the narrow section.
Record the minimum values of cross-sectional area so
determined.

10.2 Place, the specimen in the grips of the testing
~ machine, waking care to align the long-axis of the specimen
and the grips with an imaginary line joining the points of
auachmeant of the grips o the machine. The distance
between the ¢nds of the gripping surfaces. when using fat
specimens. shall be as indicated in Fig. 1. Tighten the grips
evenly and firmly to the degree necessary to prevent slippage
of the specimen during the test but not to the point where the
specimen would be crushed.

10.3 Attach the extension indicator. When modulus is
being determined, the extension indicator must continuously
record the distance the specimen is stretched (elongated)
within the gage length as a function of the load through the
inial (linear) portion of the ioad-clongation curve.

NOTE 12—Modulus of matenials is determined from the slope of the
iinear poruon of the stress-strain curve. For most plastics. this lipegy
ponionismyumler:mnpidly.mdmmbew
automatically. The change in jaw separation is never (0 be used for
calculating modulus or cloogation. -

10.4 Set the speed of testing at the proper rate as requireq
in Section 9, and start the machine. -

10.5 Record load-extension curve of the specimen. .

10.6 Record the load and extension at the yield point (if
cne exists) and the load and extension at the momeant of
tupture.

Norte 13—If it is Jesired 10 measure both modutus and failure
properties fvickd or break. or both), it may be recessary. in the case of
highly extensible matesials 1o run two independent tests. The high
magnification extensometer. aormally used to determine properties up
10 the vield point. may aot be suitable for tests involving high
extensibility. [f allowed to remain 2ttached to the specimen, the
2xtensometer could be permancady damaged. A broad-range incre.
mental ¢xiensometer or hand rule technique may be needed when such

. matenals are taken 10 rupture.

11. Calculation

L1 | Tensile Strength—Calculate the tensile strength by
diyiding the maximum load in newtons by the original
minimum cross-sectional area of the specimen in square
metres. Express the result in pascals and report it to three
significant figures as tensile strength at vield or tensile
strength at break. whichever term is applicable. When a
aominal vield or break load less than the maximum &
present and applicable, it may be desiraole also to calculaze,
in a similar manner. the corresponding tensile stress at vield
or tensile stress at break and report it to three significant
tigures (see Note A 1.3).: )

1.2 Percent Elongation—If the specimen gives 1 vield
load that is larger than the load at break. calculate percent
¢clongation at vield. Otherwise. calculate percent elongation
at break. Do this by reading the extension (change in gage
length) at the moment the applicable load is reached. Divide
that extension by the original gage length and multiply bi
100. Report percent elongation at weld or percent elonzatios
at break to two significant figures. When a vield or breakicg
wzd less than the maximum is present aad of interest. it is
desiravle to calculate and report both percent elongaton at
vield and perceat clongation at break (see Note Al.2).

1.3 Modulis of Elasticity—Calculate the modulus of
elasticity by extending the initial linear portion of the
load-extension curve and dividing the difference in stres
corresponding to any segment of section oa this straight Line
by the corresponding ditference in strain. Compute all elastic
modulus values using the average initial cross-sectioal ares
of'the test specimens in the calculations. Express the result iz
pascals and report to three significant figures.

11.4 For each series of tests, calculate the arithmetic mean’
ot all values obtained and report it as the average value loc
the particular property in question.

11.5 Calculate the standard deviation (estimated) as ok
lows and report it to two significant figures:

s = V(X =) (n - 1)
where:

5 = estimated standard deviation,
.\’ = value of single observation,
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a = nurmaber of observations, and

X = arthmetic mean of the set of observations.

11.6 See Appendix X1 for information cn toc compensa-
on. )

12. Report

2.1 Report the following information:

12.1.1: Complete identification of the material tested,
including type. source, manufacturer’s code numbers. form.
pnncnpal dunensnons, previous history, etc.

12.1.2 Method of prepanng test specimens.

11.!.3 Type of test specimen and dimensions,

12.1.4 Conditioning procedure used,

12.1.5 Atmospheric conditions in test room,

12.1.6 Number ol specimens tested,

12.1.7 Speed of testing,

12.1.3 Tensile strength at yield or break, average value,
and standard deviation,

12.1.9 Tensile stress at yield ocr break, if applicable,

average value, and standard deviation,

12.1.10 Percent eloogation at yield or br=ak (or both as
applicable), average value, and standard deviation,

12.1.11 Modulus of elasticity, average value, and standard
deviaton, and '

12.1.12 Date of test.

13. Precision and Bias’

13.1 The precision and bias of this test method are under
investigation by a task group of Section D20.10.22. Aayone
wishing 1o participate in this work may contact the
Chairman, Section D20.10.22. ASTM. 1916 Race Strest,
Philade!phia, PA 19103.

14. Keywords

14.1 metric; modulus of elasticity; percent clongation:
plastics; tensile properties; tensile strength

T A repoct on a limited ison b
lable {rom ASTM Head R

Mcbods D 638 and DM is
quest RR:D20-1088.

ANNEX

(Vlandatory Information)

Al. DEFINITIONS OF TERMS AND SYMBOLS RELATING TO TENSION TESTING OF PLASTICS

ALl elastic limit—the greatest stress which 2 material is
capable of sustaining without any permaancnt strain re-
maining upon completed release of the stress. [t is expressed
in force per unit area, usually megapascals.

NoTE Al.l—Measured values of propoctional limit and elastic limit
vary gready with the sensitivity and accuracy of the testing equipment,
eccentricity of loading, the scale 10 which the sress-wrain dagram
ploed. and other factors. Consequcndv these values are asually

. replaced by yield strength:

Al.2 elongation—the increase in length produced in the
gage length of the test specimen by a tensile load. It is
expressed in units of length, usually millimetres. {#iso
known as extension.)

Note Al.2—Elongation and strain values are valid only in cases
where uniformity of specimen bebavior within the gage length is present.
[a the case of materials exhibiting nedung phenomena, such values are
oaly of qualitative utility after atainment of yicld point. This is duc to
mbduytomteum nechn;-nll encompnsnhecnmelcnuhbnwccn
the gage marks prior to specimen failure.

Al.3 gage length—the original length of that portion of
the specimen over which strain or chznge in length is
determined. .

Al4 modulus of elasticity—the ratio of stress (nominal)
0 corresponding strain below the proportional limit of a
material. It is expressed in force per uait area, usually
Mmegapascals (also known as elastic modulus or Young's
modulus).

Note Al.3—The stress-strain relations of rany plastics do not
waform t0 Hooke's law throughout the elastc range but deviate
from even at stresses well below the elastic limit. For such matenials

the slope of the tangent to the stress-strain curve at a low stress is usually

2kea 1s the modulus of elasticity. Since the existcoce of 2 uwe
proportional lirit in plastics is debatable. the propaicty of applying the
term “modulus of slasticity” to describe the stiffoess or ngidity of a
piastic has been seriously questioned. Thie “xact stress-strain character-
isiics of plastic matenials are very dependent on suca factors as rate of
suressing. lerperature, previous specimen history. etc. However, such a
value is useful if its arbitrary nature aud dependence oa time, tempera-
tuze, 1ad citer aciocs ase realized

Al3. necking—the localized reductivnr in-cress secdon
which may occur in 2 material under tcasi e stress.

AlL6 offset vield strengih—tihe strees at which the strain
exceeds by a specified amount (the offsct} ax ¢ <tension of the
initial proportional portion of the stre=i-strain curve. [t is
expressed in force per unit area, usually wassapascals,

Note Al.+—-This measurement is useful for materials whose stress-
stria curve in the vield range is o1 yradual curvature. The otfset vield
sreagth can be derived from a stress-stain cucve a- follows (Fig. ALIX

Oa the straia axis lay off OM equal = the specsiied offset.

Draw OA aagent to the iauidal st ht-lie portoa of the stress-
stin curve.

Through 3/ draw 2 line M parallel 1o OA4 and loczte the intersection
of M with the stess-strain curve.

The s:avss at the point of intersection 7 is the ~offset vield swength.”
The speaified value of the offset must be stated as a percent of the
original gage length in conjunction with the strengih value. Example:
0.1 % offset yield strength = . . . MPa, or vield strength at 0.1 S offset =
... MPo

AL7 percent elongation—the clongation of a test spec-
imen expressed as a percent of the gage length.

AL8 percent elongatign at break and yield:

Al.8.1 percent elongation at break—the pereent clonga-
tion at the momeat of rupture of the test specimen.

Al8.2 percent elongation at vield—the percent clonga-
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tion at the moment the yield point (A1.21) is attained in the
test specimen.

AL.9 percent reduction of area (nominal)—the difference
between the original cross-sectional area measured at the
point of rupture after breaking and after all rewraction has
ceased, expressed as a perceat of the original area.

AL.10 percent reduction of area (true)—the djfference
between the original cross-sectional area of the test specimen
and the minimum cross-sectional area within the gage
boundaries prevailing at the momeat of rupture, expressed as
a percent of the original area.

ALl proportional limit—the greatest stress which a ma-
terial is capable of sustaining without any deviatioa from

proportionality of stress to strain (Hooke's law). It is ex-

oressed in force per uait area, usually megapascals.

AL.12 rate of loadirg—the change in tensile load carried
by the specimen per unit time. t is expressed in force per
unit time, usually newtons per minute. Tke initial rate of
loading can be calculated fror the initial slope of the load
versus time diagram.

Al.13 rate of straining—the change in tensile strain per
unit time. It is expressed either as strain per unit ume,
usually metres per metre per minute, or percent elongation
per unit time, usually percent elongation per minute. The
initial rate of straining can be calculated from the initial
slope of the tensile strain-versus-time diagram.

NOTE Al S—The initial rate of straining is synoaymous with the aw
of crosshead movement divided by the initial distance between
crossheads only in 3 machine with coastant-rate-of<crosshead movement
and when the specimen has a uniform original cross-section, docs oot
“neck dowa™ and does not slip in the jaws.

. Al.14 rate of stressing (nominal)—the change in tensile
stress (nominal) per unit time. It is expressed in force per
unit area per unit time, usually megapascals per minute. The
initial rate of stressing can be calculated from the initial slope
of the tensile stress (nominal) versus time diagram.

NOTE Al.6—The initial ratc of stressing as determined in this
manner has oaly limited physical significance. It does, however, roughly
describe the average rate at which the initial stress (oominal) carried by
the test specimen is applied. It is affecied by the elasticity and flow
characteristics of the materials being tested. At the yield point, the rate
of stressing (nominal) may become z¢70, tut the rate of stressiag (true)

may coatioee 10 have a positive value if the cross-sectional arexjy
decreasiog. :

ALIS secant modulus—the ratio of ‘stress (nominal) 1o

corresponding strain at any specified point on the stresy.-

strain curve. It is expressed in force per unit area, usually
megapascals and reported together with the specified stress or:
strain.

NoTE AL.7—This mecasurcment is usually employed in place of
modulus of dasticity in the case of materials whose stress-strain diagrim
does not demoastrate proportionality of stress 10 strain.

Al16 strain—the ratio of the e¢longation to the gage
length of the test specimen. that is, the change in length per
unit of onginal length. It is expressed as a dimensionless
ratio.

ALL7 tensile strength (nomiral)—the maximum tensle
stress (oominal} ist ."aed by the specimen during a tension
test. Whea the maximum stress occurs at the vield point
(A1.21), it shall be designated tensile streagth at vield. When
the maximum stress occurs at break, it shall be designated
tensile strength at break.

AlLIS tensile stress (nominal)—the tensile load per unit
area of minimum .original cross section, within the gage
boundaries, carried by the test specimen at any given
moment. It is expressed in force per unit area, usually-
megapascals. .

Note Al.8—The expression of teasile properies in terms of the
minimum onginal Cross-section is almost universally used in practice. In
the case of materials exhibiting high extensibility, or necking, or both
(AL3), cominal stress calculations may not be meaaingiul beyood the
vield point (A1.21) due 10 the extensive reductioa in Cross-sectional area
shat ensues. Under some circumstances it may be desiraole o expeess
the tensile properties per unit of minimum prevailing cross section.
These properties are called true iensile properues (that is, true tensile”
stress, etc.).

ALY tensile stress-strain curve—a diagram in which
values of teasile stress are plotted as ordinates against
corresponding values of teasile strain as abscissas.

AL20 wtrue strain (see Fig. Al.2) is defined by the iok
lowing equation for e

o= J':dL/L =l L/L,

where: .
dL = the increment of cloogation when the distance
betweenthe gage marks is L,

L, = the original distance between gage marks, and

L = the distance between gage marks at any time.
Al21 yield point—the first point on the siress-strait

curve at which an increase iu strain occurs without a8

increase in stress (Fig. A1.3).

NOTE AlL9—Only materials whase stress-strain curves exhivit 3
poiat of *zro slope may be considered as having 2 yield point.

. dL
e ———. H
1 l

8. |

L J

FIG. A12 lilustradon of True Strain Equation
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Note Al.10—Some matenals exhibit a distinct “Sr=2ik” or disconti-
auity in the stress-strain curve in the elasuc repoa. Ths break is 2ot 2
vield point by Aefiniion. However, this point may -rove useful ior
material characierization in some cases.

Al.22 yield sirength—the stress at which 2 material ex-
hibits a specified limiting deviation from the zroportionality
af stress 1o strain. Unless otherwise specified. :ais stress will
be the stress at the vield point and when expressed in relation
to the tensile suength shall be’ designated =ither teasile
strength at vield or tensile stress at yield as r=quired under
Al.17 (Fig. A1.3). (See offset yield strength.)

Al.23 Symbols—Tbe following symbols may be used for
the above terms:

g
2

Teax

Load

Increment of load

Distance between g2g¢ marks at aoy time

Original distance between gage marks

Disance between gage marks at moment of runcsre
hmmld&mubtmupam docgaton
Micimum cross-sccuonal area at any time

Oniginal cross-sectional area

Increment of cross-sectionad area
C:mulamupom(o(nmmmdaﬁum

.

Cmﬁuﬂxuupdmdnmmmuhmo{
upture

Time

Increment of time

Tensile sress

Increment of swress

True tensile stes

Tensile strength a8 break (noinal)

Tensile strength at dreak (true)

s'.-.r‘r: Al rrfﬂ:rrf*;z

. Straia

8¢ Increment oi strain -
w Toul sraia at break
o True strain

% El Perceet elongaton
B Yield potat

& Modulus of clasticity

Al.23.1 Relations between these various.terms may oe
defined as follows:

a = W/A,

or = W/4

oy = W/A, (where W is breaking load)
oyt = W/A¢ (where W is breaking load)
¢ = AL =(L-LYL,

w = (L~ LYL,

- J‘: dL/L =1a L/L,
% El = {(I. = L,)/L,] X 100 = ¢ X 100
Percent reduction of area (nominal) = (A, — 4,)/4,] x 100
Perceat reduction of area (true) = ((A, — A1)/4,] X 100
Rate of loading = AW/Ar
Rate of stressing (nominal) = do/At = (AW/A,)/AtL
Rate of straining = Ae/ar = (AL/L )/t

For the case where the volume of the test specimen does
not change during the test, the following three relations hold:

or =l +¢=0dl/L,
ur = oy (l + &) LyL,
g =A':/(l*:) %
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APPENDIX

(Nonmandatory Information)

X1. TOE COMPENSATION

X1.! In a typical stress-strain curve (Fig. X1.1) there is a
toe region, AC, which does not represent a property of the
matzzial. It is an artifact caused by a takeup of slack, and
alignment or seating of the specimen. In order to obtain
correct values of such paramete-s 2s modulus, strain, and
offset yield point, this artifact iuc. » compensated for to
give the corrected zero point ca the strain or extension axis.

X12 In the case of a material exhibiting a region of
Hookean (linear) behavior (Fig. X1.1), a continuation of the
linear (CD) region of the curve is constructed through the
zero-stress axis. This intersection (B) is the corrected zero-
strain point from which all extensions or_strains must be
measured, including the vield offset (BE), if applicable. The
elastic modulus can be determined by dividing the stress at
aay point along the line CD (or its extension) by the strain at

Sirges

A 3 1 4 Serala

FIG. X1.1 Muterial withi Hookean Region

The American Society for Testing and &

the same point (measured from point 2, defined as zero.
strain).

X1.3 In the case of a material which does not exhibit any
linear region (Fig. X1.2), the same kind of toe correction of
the zero-strain point can he made by coastructing a tangent
to the maximum slope at the inflection point (H*). This is
extended 10 intersect the strain axis at point B’, the correctad
zero-strain point. Using point B” as zero strain, the stress at
any poiat (G°) on the curve can be divided by the sirais zt
that point to obtain a secant modulus (slope of line 8 G
For these materials with no linear regiou, any attempt 10 use
the wngent through the inflection point as a basis for
determination of an offset yield point may result in unac.
ceptable error.

Strxon

Scraia

FIG. X1.2 Material with No Hookesn Region
(Note that some chart recorders piot the miror image
of these graphs.)
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APPENDIX B

Graph of mechanical properties predicted by Simplex equation

B.1 Modulus of polymer blends

PEK-C/PSF blend
W, v )
4

0 2.07 2.07
0.1 2.20 222 =

&
0.2 235 S 3l
03 243 246 é b
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Fig. B.1.1 Tensile modulus of PEK-C/PSF blend [72]

PA/PC
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Fig. B.1.2 Young's modulus of PA/PC blend [26]



EVOH-71/Nylon-6 blend

w.fraction| experiment | equation
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Fig. B.1.3 Flexural modulus of EVOH-71/ Nylon-6 blend [28]

PP/ULDPE blend
w.fraction| experiment | equation
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Fig. B.1.4 Flexural modulus of PP/ULDPE blend [29]
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PC/PAr blend
w.fraction| experiment | equation
1 2.29 2.29
0.9 2.28 = 2.30
0.85 2.26 2.28 % .
= °
0.7 2.22 2.26 5 220 ¢
_§ *
0.6 2.24
2 210 ¢
0.5 222 2.22 £
o 4
04 2.19 o 200 + t T t
03 217 215 0 0.2 0.4 06 0.8 1
0.2 2.11
0.15 208 2.09 PC weight fraction
0 2.02 2.02
‘ & experiment —— equation
IInternction parameter 0.24I
Fig. B.1.5 Flexural modulus of PC/PAr blend (73]
PBT/PAr blend
w.fraction| experiment | equation
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Fig. B.1.6 Young's modulus of PBT/PAr blend [74]
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PEEK/Polyether sulfone blend

w.fraction| experiment | equation
2600
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Fig. B.1.7 Young's modulus of PEEK/Polyethersulfone blend [75]

PP/PAG blend

w.fraction| experiment | equation
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Fig. B.1.8 Young's modulus of PP/PA6 blend [26]
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PAr/PAG6 blend
w.fraction| experiment | equation
0 2.5 2.50
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: 1 & experiment equation
Ilnlemcnon parameter -7.6|
Fig B.1.9 Tensile modulus of PAr/PA6 blend [36]
PMMA/Phenoxy blend
w.fraction| experiment | equation
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Fig. B.1.10 Tensile modulus of PMMA/Phenoxy blend [37]



PHB/PVC blend
w.fraction| experiment | equation
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Fig. B.1.11 Tensile modulus of PHB/PVC blend [38]

Nylon6/PP
w.fraction| experiment | equation
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Fig. B.1.12 Modulus of Nylon-6/Polypropylene blend [39]
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PP/NBR blend
w.fraction| experiment | equation
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Fig. B.1.13 Tensile modulus of PP/NBR blend [40]

PES/PMIA
w.fraction| experiment | equation [
|
4.5 |
0 2.5 2.50 i
0.1 2,67 4.0 4 p
0.2 2.5 2.83 =35 .
& L ]
03 2.99 9,
23.0
0.4 3.2 3.15 3
8
0.5 33 3.30 325 4 ¢
0.6 33 3.45 20 4
0.7 3.6 3.59
15 T T T T
0.8 3.73
0.9 387 0 0.2 0.4 0.6 0.8
1 4.0 4.00
PMIA weight fraction
K e experiment —— equation
’Ecractxon parameter 020]

Fig. B.1.14 Modulus of PES/PMIA blend [41]



PPS/PSF blend
w.fraction| experiment | equation
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Fig. B.1.15 Tensile modulus of PPS/PSF blend [42]
PP/LPC(Vectra)
w.fraction| experiment | equation
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Fig. B.1.16 Modulus of PP/LCP(Vectra) blend [43]

76



77

w.fraction| experiment | equation
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Fig. B.1.17 Tensile modulus of PC/CAB blend [44]

w.fraction| experiment | equation
0 1500 1500
0.1 1602
0.2 1718
0.25 1750 1781
04 1992
0.5 2150 2150
0.6 2322
0.7 2508
0.75 2750 2606
0.9 2922
1 3150 3150

Interaction parameter =700

SBS/MS(200) blend

Flexural modulus (MPa)

3500

3000
2500 4
2000 4
1500 4

1000

500

0.2 04 0.6 0.8 1

MS200 weight fraction

L & experiment equation

Fig. B.1.18 Flexural modulus of SBS/MS200 blend [45]
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PEI/PET blend
w.fraction| experiment | equation
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Fig. B.1.19 Young's modulus of PEI/PET blend [48]
HDPE/LDPE blend
w.fraction| experiment | equation
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Fig. B.1.20 Tensile modulus of HDPE/LDPE blend [49]



LLDPE/PP blend

w.fraction| experiment | equation
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Fig. B.1.21 Young's modulus of LLDPE/PP blend [30]
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Fig. B.1.22 Tangent modulus of LLDPE/PP blend [51]
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PC/LLDPE bl
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Fig. B.1.23 Young's modulus of PC/LLDPE blend [52]
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Fig. B.1.24 Young's modulus of PC/ABS blend [53]



PC/Copolyester blend
w.fraction| experiment | equation

350
0 350 350 Py
0.1 342

L 4

0.2 340 332

00 +
0.3 322 g

[’
04 320 312 % ®

8
0.5 300 300 S50 1
0.6 290 288 |
0.7 274
0.8 270 260 200 T T T T T T T T
0:9 246 0 01 02 03 04 05 06 07 08 08 1
1 230 230 Coplyester weight fraction

‘ & experiment equatio?)
|Intcmction parameter 40|

Fig. B.1.25 Modulus of PC/Copolyester blend [54]

w.fraction| experiment | equation
0 1320 1320
0.1 1443
0.2 1500 1564
03 1683
04 1890 1800
0.5 1915 1915
0.6 1940 2028
0.7 2139
0.8 2200 2248
0.9 2355
1 2460 2460

Interaction parameter 100.00

PAG6/PP blend

2500

2000

1500

Flexural modulus (MPa)

1000

T T T T

0 0.2 0.4 0.6 0.8 1

PA6 weight fraction

Lo experiment

equation

Fig. B.1.26 Flexural modulus of PA6/PP blend [55]
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PS/HDPE blend
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Fig. B.1.27 Modulus of PS/HDPE blend [65]

ABS/PC blend
w.fraction| experiment | equation
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Fig. B.1.28 Modulus of ABS/PC blend [66]




HIPS/ABS blend
w.fraction| expeniment | equation
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Fig. B.1.29 Modulus of HIPS/ABS blend [67]
PC/SAN blend
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Fig. B.1.30 Modulus of PC/SAN blend [68]

83



PC/PET blend
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Fig. B.1.31 Modulus of PC/PET blend [69]
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Fig. B.1.32 Modulus of HDPE/PP blend [70]
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PUR/PEMA blend
w.fraction| expenment | equation
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Fig. B.1.33 Young's modulus of PUR/PEMA blend [50]

LLDPE/PP blend
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Fig. B.1.34 Young's modulus of LLDPE/PP blend [60]
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B.2 Impact strength of polymer blends

EVOH-71/Nylon-6 blend
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Fig. B.2.1 Impact strength of EVOH-71/ Nylon-6 blend (28]
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Fig. B.2.2 Izod impact energy of PC/PAr blend [73]
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PEEK/Polyether sulfone blend

w.fraction| experiment | equation
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Fig. B.2.3 Impact strength of PEEK/Polyethersulfone blend [75]

PP/PAG blend
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Fig. B.2.4 Impact strength of PP/Nylon-6 blend [76]
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PP/PAG blend
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Fig. B.2.5 Impact strength of PP/Nylon-6 blend [55]

B.3 Stress of polymer blends

PEK-C/PSF blend
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Fig. B.3.1 Stress at break of PEK-C/PSF blend [72]
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PC/PAr blend
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Fig. B.3.2 Flexural strength of PC/PAr blend [73]
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Fig. B.3.3 Strength at break of PBT/PAr blend [74]
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PEEK/Polyether sulfone blend
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Fig. B.3.4 Yield stress of PEEK/Polyethersulfone blend [75]

PP/PAG blend
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Fig. B.3.5 Tensile strength of PP/PA6 blend [76]
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PMMA/Phenoxy blend

w.fi experiment] eq
0 645 645
0.1 625 634 —
0.2 623 g
4
03 605 613 P
4
0.4 604 [
k7]
0.5 595 595 °
0
c
0.6 587 2
520 +
0.7 585 579
oit $72 500 T T T T r T T T T
0.9 565 566 0 01 02 03 04 05 06 07 08 0.9 1
1 560 560
Phenoxy weight fraction
llnlenc!ion parameter -JOI [ » experiment —equationJ

Fig. B.3.6 Tensile strength of PMMA/Phenoxy blend [37]

PHB/PVC blend
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Fig. B.3.7 Tensile strength of PHB/PVC blend [38]
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PA6/PP blend
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Fig. B.3.8 Tensile strength of PAB/PP blend [39]
PP/NBR blend
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Fig. B.3.9 Tensile strength of PP/NBR blend [40]
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PES/PMIA blend
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Fig. B.3.10 Tensile strength of PES/PMIA blend [41]

PPS/PSF blend
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Fig. B.3.11 Tensile strength of PPS/PSF blend [42]
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PP/L.CP(Vectra) blend
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Fig. B.3.12 Tensile strength of PP/LCP(Vectra) blend [43]

SBS/MS blend
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Fig. B.3.13 Tensile strength of SBS/MS blend [45]
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LLDPE/PP blend
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Fig. B.3.14 Yield stress of LLDPE/PP blend [46]
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Fig. B.3.15 Tensile strength of DGEBA/EME blend [47]



PEI/PET blend
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Fig. B.3.16 Yield stress of PEI/PET blend [48]

LDPE/HDPE blend
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Fig. B.3.17 Tensile strength of LDPE/HDPE blend [49]
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LLDPE/PP blend
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Fig. B.3.18 Yield strength of LLDPE/PP blend [30]

LLDPE/PP blend
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Fig. B.3.19 Tensile strength of LLDPE/PP blend [51]

97



PC/ABS blend
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Fig. B.3.20 Tensile strength of PC/ABS blend [53]

PC/Copolyester blend
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Fig. B.3.21 Flexural strength of PC/Copolyester blend [54]
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PC/PMMA blend
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Fig. B.3.22 Yield stress of PC/PMMA blend [56]
PVC/PI blend
w.fraction| experiment | equation
60
0 47 47.0
0.1 48.2
©
o
0.2 50 49.2 S 50 - ° *
0.3 49.8 g </’—_‘ﬁ-\0
o
04 51 50.0 -
0.5 50 50.0 2 40 -
0.6 9 49.6 @
0.7 49.0
30 T : T ¥
0.8 47 48.0
09 46.6 0 02 0.4 0.6 08 1
1 45 45.0
Pl weight fraction
experiment equation
Interaction parameter 16 L ® B au J

Fig. B.3.23 Stress at break of PVC/PI blend [57]
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PP/PA1010 blend
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Fig. B.3.24 Tensile strength of PP/PA1010 blend [58]
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Fig. B.3.25 Ultimate tensile strength of NR/EVA blend [59]
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LLDPE/PP blend
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Fig. B.3.26 Yield stress of HDPE/PP blend [60]
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Fig. B.3.27 Yield stress of PEI/PAr blend [61]
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m-EPDM/Zn-EMA blend
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Fig. B.3.28 Tensile strength m-EPDM/Zn-EME blend [62]
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Fig. B.3.29 Stress at break PP/PVC blend [63]



PP/PC blend
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Fig. B.3.30 Yield strength of PP/PC blend [63]
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Fig. B.3.31 Strength at break of LDPE/ABS blend [64]
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PS/HDPE blend
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Fig. B.3.32 Yield strength of PS/HDPE blend [65]

ABS/PC blend
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Fig. B.3.33 Yield strength of ABS/PC blend [66]
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HIPS/ABS blend
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Fig. B.3.34 Yield strength of HIPS/ABS blend [67]
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Fig. B.3.35 Ultimate strength of PC/PET blend [69]
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HDPE/PP blend
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Fig. B.3.36 Tensile strength of HDPE/PP blend [70]
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Fig. B.3.37 Yield stress of LPE/PP blend [71]



107

LPE/UHMWLPE
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Fig. B.3.38 Tensile strength of LPE/UHMWLPE blend [27]

B.4 Elongation of polymer blen
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Fig. B.4.1 Elongation at yield of PC/PA blend [26]
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Fig. B.4.2 Ductility of PEEK/PES blend [75]

PHB/PVC blend
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Fig. B.4.3 Elongation at break of PHB/PVC blend [38]
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LLDPE/PP blend
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Fig. B.4.4 Elongation at break of LLDPE/PP blend [46]

DGEBA/EME blend
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Fig. B.4.5 Tensile elongation of DGEBA/EME blend [47]
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PEI/PET blend
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Fig. B.4.6 Ductility of PEI/PET blend [48]

PC/ABS blend
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Fig. B.4.7 Elongation at break of PC/ABS blend [53]




NR/EVA blend
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Fig. B.4.8 Elongation at break of NR/EVA blend [59]

LLDPE/PP blend
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Fig. B.4.9 Elongation at yield of LLDPE/PP blend [60]
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ABS/PC blend
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Fig. B.4.10 Elongation at break of ABS/PC blend [66]
HIPS/ABS blend
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Fig. B.4.11 Elongation at break of HIPS/PC blend [67]



LPE/UHMWLPE
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Fig. B.4.12 Strain at break of LPE/JUHMWLPE blend [27]

B.5 Unpredictable Properties of Polymer Blends

PEL/PAR blend
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Fig. B.5.1 Modulus of elasticity of PEI/PAR blend [61]



LPE/PP blend
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Fig. B.5.2 Tensile modulus of LDPE/PP blend [71]
PC/PAR blend
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Fig. B.5.3 Yield stress of PC/PAR blend [26]
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PUR/PEMA blend
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Fig. B.5.4 Stress at break of PUR/PEMA blend [50]

PC/SAN blend
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Fig. B.5.5 Stress of PC/SAN blend [68]
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PAr/PA6 blend
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Fig. B.5.6 Impact strength of PA/PAB blend [36]

PMMA/Phenoxy blend
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Fig. B.5.7 Impact strength of PMMA/Phenoxy blend [37]
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SBS/MS blend
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Fig. B.5.8 Impact strength of SBS/MS-200 blend [45]
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Fig. B.5.9 Impact strength of PEI/PET blend [48]




|Intemction parameter
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LLDPE/PP blend
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Fig. B.5.10 Impact strength of LLDPE/PP blend [51]

PC/ABS blend
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Fig. B.5.11 Impact strength of PC/ABS blend [53]



PC/PMMA blend
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Fig. B.5.12 Impact strength of PC/PMMA blend [56]

PC/SAN blend
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Fig. B.5.13 Impact strength of PC/SAN blend [68]
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PAG6/PP blend
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Fig. B.5.14 Impact strength of PA6/PP blend [39]
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Fig. B.5.15 Elongation at break of LPE/PP blend [71]
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PP/ULDPE blend
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Fig. B.5.16 Elongation at break of ULDPE/PP blend [29]

PBT/PAr blend
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Fig. B.5.17 Deformation at break of PBT/PAr blend [74]
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PAr/PAG blend
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Fig. B.5.18 Elongation at break of PAr/PA6 blend [36]
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Fig. B.5.19 Elongation at break of PMMA/Phenoxy blend [37]




PAG6/PP blend
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Fig. B.5.20 Elongation at break of PA6/PP blend [39]
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Fig. B.5.21 Elongation at break of PP/NBR blend [40]
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PES/PMIA blend
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Fig. B.6.22 Elongation at break of PES/PMIA blend [41]
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Fig. B.5.23 Elongation at break of PPS/PSF blend [42]
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PUR/PEMA blend
w.fraction| experiment | equation |
500

0 9.8 9.8
0.1 12 29.9 400 1 .

8
0.2 22 49.9 s L4

@

o -+
03 44 69.9 5 300 .

®
04 75 90.0 c *

S 200 + 3
0.5 110 110.0 3

o
0.6 230 130.0 w 100 4

*
0.7 360 150.0 *
S *
0.8 410 170.0 g i T ! ? 4 J J T 7
0.9 280 190.0 0 01 02 03 04 05 06 07 08 09 1
1 210 210.0
PUR weight fraction
T
1 experiment equatio
n
Ilutemction parameter 04 { * P 9

Fig. B.5.24 Elongation at break of PUR/PEMA blend [50]
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Fig. B.5.25 Elongation at break of PA6/PP blend [55]
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PC/PMMA blend
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Fig. B.5.26 Elongation at break of PC/PMMA blend [56]
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Fig. B.5.27 Elongation at break of PVC/PI blend [567]
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PEI/PAr blend

w.fraction| experiment | equation

0 14 14.0
0.1 16.5 154
0.2 16 16.6
0.3 15 174
0.4 26 17.8
0.5 18 18.0
0.6 26 17.8
0.7 18 174
0.8 26 16.6
0.9 28 154

1 14 14.0

|Intemction parameter

]

Elongation at break (%)

30

20 +

10 +

T T T T T T T T T

01 02 03 04 05 06 07 08 09 1

PAr weight fraction

L o experiment equation

Fig. B.5.28 Elongation at break of PEI/PAr blend [61]
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Fig. B.5.29 Elongation at break of LDPE/ABS blend [64]



PC/SAN blend
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Fig. B.5.30 Elongation at break of PC/SAN blend [68]
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APPENDIX C

Mechanical Properties of HDPE/PP blends
C. 1 Tensile Properti f HDPE(GA3750)/PP(1102H) Blends

Table C.1 Tensile properties of HDPE(GA3750)/PP(1102H) blended at 0:100, 20:80, 40:60,
50:50, 60:40, 80:20, 100:0 compositions.

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
A-1(0:100), 1 1547 31.63 268.80
B-1(0:100), 2 1550 30.76 313.80
C-1(0:100), 3 1379 31.47 129.40
D-1(0:100) 4 1802 30.28 264.30

5 1431 30.97 268.80
6 1902 33.11 115.20
7 1341 30.24 336.90
8 1318 30.11 352.30
9 1268 30.47 293.80
10 1255 27.74 380.00
Average 1479.30 30.68 272.33
STDEV 222.33 1.37 87.91
95% confident +/- 159.04 +/-0.98 +/- 62.88




Table C.1 Continued

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
A-2(20:80) 1 1201 30.22 8.942
2 1194 30.13 58.62
3 1166 29.22 94.92
4 1450 29.79 12.88
5 1161 29.14 14.52
6 1125 30.67 11.62
7 1253 29.10 124.2
8 1036 28.76 93.69
9 1164 29.19 150.8
10 1311 29.59 59.9
Average 1206.10 29.58 63.00
STDEV 112.44 0.61 51.50
95% confident +/- 80.43 +/-0.43 +/- 36.84

A-3(40:60) 1 talieil 27.07 6.94
2 1444 27.51 4.68

3 1227 27.44 7.09

4 1433 24.36 3.61

5 1126 27.12 5.61

6 1395 26.82 4.89

s 1263 28.07 5.09

8 1354 28.20 9.3/

9 | 1392 26.21 3.69

10 1358.00 24.69 3.75

Average 1314.30 26.75 5.07
STDEV 115.14 1.31 1.24

95% confident +/- 82.36 +/- 0.94 +/- 0.89
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Table C.1 Continued

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
A-4(50:50) 1 1106 28.31 4.92
2 1031 26.93 6.45
3 1032 28.12 6.02
4 1173 26.1 7.48
5 1062 27.52 6.00
6 973 27.63 6.42
7 1319 26.05 4.12
8 1170 28.03 5.42
9 1317 27.71 4.23
10 977 26.46 8.64
Average 1116.0 27.27 5.97
STDEV 126.86 0.84 1.40
95% confident +/-90.74 +/- 0.60 +/- 1.00
A-5(60:40) 1 1312 25.00 4.87
2 1283 29.45 5.46
3 1316 24.90 7.83
4 1424 26.40 3.75
2 1017 25.85 4.01
6 1172 29.38 5.97
7 1305 23.96 3.05
8 1374 28.18 5.57
9 | 1207 25.64 3.85
10 1202 26.74 3.69
Average 1261.20 26.55 4.81
STDEV 116.06 1.89 1.44
95% confident +/- 83.02 +/-1.35 +/- 1.03




Table C.1 Continued

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
A-6(80:20) 1 1166 22.2 36.46
2 1165 25.93 40.77
3 1133 20.33 61.38
4 986 26.53 29.08
5 996 26.03 71.54
6 1173 25.27 18.62
74 919 23.97 22.31
8 940 24.68 16.62
9 1111 24.77 33.38
10 1231 26.67 35.85
Average 1081.9 24.64 36.60
STDEV 111.08 2.02 17.78
95% confident +/- 79.46 +/-1.44 +/-12.73
A-7(100:.) 1 5179 18.82 419.6
2 823.7 19.03 316.1
3 614.5 20.31 431.9
4 959.7 21.25 346.5
5 727.3 21.09 366.7
6 961.8 22.46 343.1
7 942.6 22.19 415.1
8 600.5 21.25 443.2
9 1033 20.7 171.0
10 1097 22.93 299.2
Average 827.80 21.00 355.24
STDEV 201.78 1.36 81.86
95% confident +/- 144.33 +/- 0.97 +/-12.73
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C.2 Tensile Properties of HDPE(G2855)/PP(1102H) Blends

Table C.2 Tensile properties of HDPE(G2855)/PP(1102H) blended at 20:80, 40:60,

50:50, 60:40, 80:20, 100:0 compositions.

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
B-2(20:80) 1 1043 27.03 8.90
2 1437 31.07 1.12
3 1456 31.24 9.20
4 1331 30.45 6.74
5 1289 30.88 6.92
6 1442 3117 6.55
7l 1548 3175 7.20
8 1395 30.40 8.09
9 1218 26.75 8.90
_ 10 1345 31.02 6.69
Average 1350.40 30.18 163
STDEV 143.09 1.78 1.04
95% confident +/-102.35 +/-1.27 +/-0.74
B-3(40:60) 1 1235 27.07 8.39
2 1363 25.59 5.66
3 1189 2737 9.22
4 1331 26.14 5.20
5 1370 29.33 4.78
6 1436 28.08 4.17
L 1538 25.78 5.03
8 1293 25.45 5.49
9 1370 27.23 5.18
10 1362 25.33 6.05
Average 1348.7 26.72 5.92
STDEV 98.09 1.30 1.62
95% confident +/-70.16 +/-0.93 +/-1.16




Table C.2 Continued

HDPE:PP Specimen Moduius Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
B-4(50:50) 1 1483 25.35 6.37
2 1352 27.80 7.80
3 1107 30.45 4.53
4 1169 28.29 6.94
5 1295 22.97 5.39
6 1480 26.00 6.26
7 1192 30.78 4.78
8 943 27.31 6.45
9 1353 21.74 5.57
10 1786.00 29.50 5.89
Average 1316.00 27.02 6.00
STDEV 235.37 3.03 0.99
95% confident +/-235.37 +/- 3.03 +/- 0.99
B-5(60:40) 1 1386 27.10 3.70
2 1337 27.79 4.30
3 1440 26.65 BT
4 1373 28.82 4.52
5 1321 25.89 3.45
6 1306 26.92 4.82
7 1226 23.90 312
8 1156 20.66 5.80
9 1383 26.57 3.54
10 1221 28.24 5.31
Average 1314.90 26.25 4.23
STDEV 89.00 2.39 0.87
95% confident +/- 63.66 +/-1.71 +/- 0.62
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Table C.2 Continued

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
B-6(80:20) 1 1175 27.30 24.15
2 1379 27.90 10.88
3 1433 26.93 30.92
4 1139 25.64 10.89
5 1293 27.05 7.51
6 1372 27.24 40.92
7 1223 26.83 10.22
8 1318 26.63 5.46
9 841 28.63 26.46
10 1294 27.12 9.22
Average 1246.70 2713 17.66
STDEV 169.73 0.78 12.05
95% confident +/- 121.41 +/- 0.67 +/- 8.62
B-7(100:0) 1 29 22.39 641.50
2 1391 24.92 587.70
3 1272 23.77 74.90
4 1294 24.57 131.80
5 1159 22.80 535.40
6 1289 23.95 266.20
1179 22.69 758.50
8 _ 1220 23.61 24.80
9 1152 23.82 163.10
10 1443 24.72 589.20
Average 1252.8 23.72 377.31
STDEV 105.12 0.88 271.51
95% confident +/-75.20 +/- 0.67 +/-194.22
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C.3 Tensile Properties of HDPE(N3260)/PP(1102H) Blends

Table C.3 Tensile properties of HDPE(N3260)/PP(1102H) blended at 20:80, 40:60,

50:50, 60:40, 80:20, 100:0 compositions.

HDPE:PP Specimen Modulus Yield Strength Elongation

Composition Number (MPa) (MPa) (%)
C-2(20:80) 1 908 34.23 112
2 1303 34.78 11.49
3 1232 34.97 30.46
4 1919 35.38 76,15

5 1429 31.68 6.32

6 1464 36.53 12.91
7 1223 36.43 11.57
8 1566 35.90 42.46
9 1277 36.49 30.15
10 1190 34.19 10.80
Average 1351510 35.06 24.40
STDEV 268.37 1.49 2168

95% confident +/- 65.15 +/-1.52 +/- 40.39

C-3(40:60) 1 890 33.60 11.34
2 1272 35.32 11.90
3 1463 34.81 10.23

4 1481 38.07 9.43

5 1450 34.96 8.73

6 1184 32.90 7.89

7 1409 34.20 8.49

8 1188 33.76 9.38
9 1270 32.72 11.04

10 1094 34.12 8.11

Average 1270.10 34.45 9.65
STDEV 189.44 1.53 1.41

95% confident +/- 56.06 +/- 0.88 +/- 0.87




Table C.3 Continued

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
C-4(50:50) 1 1198 25.00 4.76
2 1822 25.68 3.94
3 2074 27.64 4.68
4 1814 24.66 3:23
1671 26.63 2:18
6 1748 26.72 4.01
75 1929 24.40 3.04
8 1692 25.69 3.96
9 1776 25.82 3.85
10 1809.00 22.97 2.55
Average 1753.30 25.52 3.92
STDEV 227.22 1.34 0.81
95% confident +/- 103.43 +/- 0.96 +/- 0.58
C-5(60:40) 1 1160 28.83 9.74
2 1128 28.55 7.40
3 1339 30.43 Ot
4 1373 28.46 8.50
5 1291 29.56 29.69
6 1196 28.29 8.77
7 1238 29.38 6.29
8 1281 29.87 6.92
9 1272 30.74 11.74
10 1561 28.82 7.34
Average 1283.90 29.29 10.42
STDEV 123.58 0.85 6.95
95% confident +/- 75.53 +/-1.10 +/- 0.86
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Table C.3 Continued

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)

C-6(80:20) 1 1280 22.01 128.80

2 1232 26.75 443.10

3 1248 23.19 183.10

4 1162 19.62 635.40

5 1060 20.55 424.60

6 1216 26.57 449.20

7 1245 20.71 540

8 1036 25.86 104.20

9 962.9 20.69 589.20

10 1109 26.10 429.20

Average 1155.09 23.21 392.68

STDEV 107.64 2.85 189.77
95% confident +/- 77.00 +/-2.04 +/-135.74

C-7(100:0) 1 1225 20.29 766.20

2 1228 21.34 763.10

3 1276 23.69 626.00

4 1047 22.87 757.00

5 1179 24.46 646.00

6 937 23.87 705.00

7 1217 20.85 724.60

8 1205 21.40 766.20

9 1135 25.79 629.00

10 1092 24.43 635.00

Average 1154.1 22.90 701.81

STDEV 102.92 1.84 61.69
95% confident +/-73.62 +/-1.31 +/- 44.13




C.4 Tensile Properties of HDPE(V1160)/PP(1102H) Blends

Table C.4 Tensile properties of HDPE(V1160)/PP(1102H) blended at 20:80, 40:60,

50:50, 60:40, 80:20, 100:0 compositions.

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
D-2(20:80) 1 1132 32.39 7.29
2 1375 30.59 61.38
3 1135 31.06 6.68
4 1180 33.45 34.15
5 1446 30.61 9.84
6 1037 24.45 12.62
7 1036 29.29 8.35
8 1350 30.69 78.46
9 1399 30.25 8.80
10 1556 32.15 8.13
Average 1264.6 30.49 23.57
STDEV 182.87 2.44 26.04
95% confident +/- 130.81 +/-1.74 +/-18.62
D-3(40:60) 1 1250 30.37 5.71
2 1254 24.57 3.23
3 1383 28.24 4.91
4 1439 26.39 3.54
5 1093 24.24 3.19
6 1380 29.67 5.69
7 1320 26.72 4.04
8 1308 22.68 2.54
9 1447 27.59 4.04
10 1394 25.30 3.39
Average 1326.80 26.58 4.03
STDEV 107.39 2.45 1.08
95% confident +/-76.82 +/-1.75 +/-0.78
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Table C.4 Continued

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
D-4(50:50) 1 1043 21.71 15.38
2 1231 30.53 8.030
3 930 27.26 15.32
4 1264 28.75 7.88
5 1387 25.63 8.07
6 1435 26.77 8.03
7 1262 28.94 29.23
8 1109 27.19 11.68
9 1033 28.32 9.15
10 872.00 27.26 6.25
Average 1156.6 27.24 11.90
STDEV 189.02 2.37 6.87
95% confident +/-135.21 +/-1.70 +/- 4.91
D-5(60:40) 1 1401 23.41 3.34
2 1887 21.56 3.14
3 1513 24.81 11.70
4 1219 22.22 3.22
5 1123 26.28 5.05
6 1084 27.03 5.06
7 1292 27.49 6.01
8 1485 26.83 5.43
9 1255 23.40 5.18
10 1253 24.42 4.92
Average 1296.2 24.75 5.30
STDEV 141.37 2.10 2.45
95% confident +/-101.12 +/-1.50 +/-1.76




Table C.4 Continued

HDPE:PP Specimen Modulus Yield Strength Elongation
Composition Number (MPa) (MPa) (%)
D-6(80:20) 1 817 23.82 3.45
2 1153 20.72 2.40
3 886 22.47 3.17
4 1186 23.00 3.83
5 1047 19.22 8.49
6 961 21.90 8.86
7 1195 24.62 2.62
8 1316 26.13 4.46
9 1653 22.36 2.72
10 1193 24.53 3.87
Average 1140.70 22.88 4.41
STDEV 238.47 2.02 2.33
95% confident +/- 120.53 +/-1.81 +/- 1.67
D-7(100:0) 1 1117 22.51 164.30
2 1311 22.79 156.30
3 1337 23.86 25.10
4 1045 21.82 97.20
5 1403 23.94 82.80
6 ‘ 1433 23.47 143.70
7 1201 22.24 218.50
8 1267 22.70 164.90
9 1346 24.50 183.10
10 1333 21.93 64.80
Average 1279.30 22.98 130.07
STDEV 123.88 0.92 60.08
95% confident +/- 88.61 +/- 0.66 +/-42.97




APPENDIX D

Calculation of intrinsic viscosity (ASTM 1601)

D.1 Relative viscosity (viscosity rati

calculation of the relative viscosity for each concentration is measured from the

average efflux time as follows:

where

relative viscosity

"
1 1l

average efflux time in seconds of solution

—_
Il

average efflux time in seconds of pure solvent

D.2 Inherent viscosity (logarithmic viscosity number)

Calculation of the inherent viscosity for each concentration is measured as

follows:
Nw=Inn/C
where
1., = inherent viscosity at concentration C
In 77, = natural logarithm of the relative viscosity
C = concentration in grams/100 ml of solution



D.3 Specific viscosity

where

775;: = 77/'-1

1, = specific viscosity

D.4 Reduced viscosity (viscosity number)

where

n., = reduced viscosity

77red = nsp/ C

D.5 |Intrinsic viscosity (limiting viscosity number)

143

The four logarithmic viscosity numbers are plotted versus their respective

concentrations on rectilinear graph paper and then the four reduced viscosity numbers

are plotted versus their respective concentrations on the same graph. The slopes of

these two lines will not be the same, but they converge to the same value at zero

intercept of the line at zero concentration.

D.6 Viscosity measurement of polypropylene and high density polyethylene

Table D.6.1 Viscosity measurement of PP(1102H) at 135 °C

Concentration t t, t, [m n, nsp In7 /C Ny /c
(g.ar")
solvent 212.35 217.85 209.25 213.15
0.08 250.65 254.16 256.29 253.70 1.1902 0.1902 2.3780 2.1770
0.16 313.66 309.25 305.85 309.59 1.4524 0.4524 2.8277 2.3328
0.24 394.44 394.43 372.87 387.25 1.8168 0.8168 3.4033 2.4878
0.40 561.75 560.6 564.65 562.33 2.6382 1.6382 4.0955 2.4252




Table D.6.2 Viscosity measurement of HDPE(GA3750) at 135 °C

Concentration t, t, t, L“g 7, Mo Inn/C qsp/c
(g.dl’)
solvent 212.35 217.85 209.25 213.15
0.08 241.97 240 245.06 242.34 1.1370 0.1370 1.7120 1.6045
0.16 287.94 281.44 278.72 282.70 1.3263 0.3263 2.0394 1.7649
0.24 334.34 332.94 336.54 334.61 1.5698 0.5698 2.3742 1.8790
0.4 446.25 436.75 438.13 440.38 2.0660 1.0660 2.6651 1.8141
Table D.6.3 Viscosity measurement of HDPE(G2855) at 135 ©
Concentration t, ts t, = n, i In U,/C nsp/C
(g.dr’)
solvent 212.35 217.85 209.25 213.15
0.08 241.16 237.84 238.03 239.01 1.1213 0.1213 1.5165 1.4314
0.16 271.711 277.63 278.87 278.07 1.3046 0.3046 1.9036 1.6617
0.24 331.25 325.43 322.88 326.52 1.5319 0.5319 2.2162 1.7771
0.4 412.53 409.63 407.32 409.83 1.9227 0.9227 2.3068 1.6343
Table D.6.4 Viscosity measurement of HDPE(N3260) at 135 %
solvent 212.35 217.85 209.25 213.15
0.08 232.03 232.87 232.03 232.31 1.0899 0.0899 1.1236 1.0760
0.16 258.37 252.69 258.78 256.61 1.2039 0.2039 1.2744 1.1598
0.24 281.03 275.15 274.34 276.84 1.2988 0.2988 1.2450 1.0893
0.4 320.44 316.56 318.66 318.55 1.4945 0.4945 1.2363 1.0045
Table D.6.5 Viscosity measurement of HDPE(V1160) at 135 g o
Concentration t, t t, tavq n, Usp In '7/0 nsp/c
(g.dl')
solvent 212.35 217.85 209.25 213.15
0.08 236.53 237.69 234.09 236.10 1.1077 0.1077 1.3461 1.2784
0.16 266.4 260.4 256.66 261.15 1.2252 0.2252 1.4076 1.2694
0.24 282.81 296.97 284.43 288.07 1.3515 0.3515 1.4645 1.2550
0.4 347.56 338.63 348.34 344.84 1.6178 0.6178 1.5446 1.2027
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APPENDIX E
Crystallinity of HDPE/PP Blends from Differential Scanning Calorimeter

E. 1 Crystallinity of GA3750/1102H (HDPE/PP) Blends‘
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Fig. E.1.1 Thermogram of GA3750/1102H (HDPE/PP) blend at 0:100 composition
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