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ARUNMANAI LEPON : EFFECT OF GRAPHITE ADDITION ON
MECHANICAL PROPERTIES OF UHMWPE FOR USE AS TIBIA INSERT
BIOCOMPOSITE MATERIALS. THESIS ADVISOR : ASST. PROF.

SUKASEM WATCHARAMAISAKUL, Ph.D., 105 PP.

BIOCOMPATIBILITY /FRICTION COEFFICIENT /GRAPHITE / ULTRA HIGH

MOLECULAR WEIGHT POLYETHYLENE (UHMWPE) / WEAR RESISTANT

This thesis is aimed to study the effect of graphite addition on mechanical
properties of Ultra High Molecular Weight Polyethylene (UHMWPE) for use as Tibia
insert biocomposite materials. UHMWPE is saluted to be an orthopedic replacement
material for use as a knee spacer due to its excellent strength and toughness.
Nevertheless, the drawback of UHMWPE in long-term performance is low wear
resistant because of the friction between the tibia insert and femoral component with
the tibia component.

Therefore, the improvement of wear propertics by addition of graphite has
been carried out on the UHMWPE. Graphite is an excellent solid lubricant and also
exhibits good biocompatibility with human body. The preparation of
UHMWPE/Graphite composites is performed by mixing graphite particles in the
ratios of 5, 10, 20, 30 and 40 wit% into UHMWPE using dry-mixing method. The
mixtures are compressed in a mold under a pressure of 10 MPa, at 250 °C for 30
minutes. Hardness, wear resistant, impact strength, compressive strength and
coefficient of friction of the UHMWPE/Graphite composites are examined. The

results reveal that the UHMWPE/Graphite biocomposites exhibit a remarkable



reducing in coefficient of friction, which is useful for using as a lubricant in knee
replacement material. However, an increase in the graphite ratios reduces the
mechanical properties; hardness, impact strength, wear resistant and compressive
strength. The composite sample with 40 wt% graphite is very fragile and therefore the

composite UHMWPE with the graphite higher than 30 wi% is hard to be formed.
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autia SRR TRLY W12 814849
duilseansusudeanu 0.07-0.5 - Richarson, T., 1987
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Ethylene Polyethylene
. H lil Iil
L=C +C=Co
H H L
H H

A 9 = as = an
519 2.9 Taseasumaniveuenauuas Inaenau (Kurtz, 2009)
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M3 2.2 AUTANNNENNUBITAR

GEQIGITANTG SIESTRLY Ny 81904
FulszAnusadoany 0.12 - TIVAR®1000
AL 68 Shore D TIVAR®1000
ANATUNTUADUITINTZLNN 34 Wa-1loudae TIVAR®1000

A3
ANUAIUMUADITINADA 536.07 1 laganpnsamng Lubin (1982)
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ANINN 2.4 UszanvosasviaoauvoIuag (Erdemir, 2001)
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Uszianmsndeanveands f0eg
(Oaelszana)
Tanz8ouily (Soft metals) Ag 0.2-0.35
Pb 0.15-0.2
Au 0.2-0.3
In 0.15-0.25
Sn 0.2
a15syneunon lads CuO-Re,0, 0.3-0.1
(Mixed oxides) CuO-MoO, 0.35-0.2
PbO-B,0, 0.2-0.1
Co0O-MoO, 0.047-0.2
a151sznovenn lad B,O, 0.1
(Single oxides) Re,O, 0.1-0.6
MoO, 0.2
Jagoiunidmoawes Zinc Stearite 0.1-0.2
(Organic materials/polymers) Waxes 0.2-04
Soaps 0.15-0.25
PTFE 0.04-0.15
o1 laduazdamlaveTangmy) 2 CaF,, BaF,, StF, 0.2-0.4
fifimsvewiiuedszneu CaSO,, BaSO,, S1S0, 0.15-0.2
(Halides and sulfates of alkaline Diamond 0.02-1
earth metals carbon-based solids) Diamond-like Carbon 0.03-0.5
Hollow Carbon Nanotube -
Carbon-carbon and Carbon- 0.05-0.3

graphite-based Composites
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A A < 1 .
ANINN 2.4 UszanvosasviaoauvoIuag (99) (Erdemir, 2001)
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v

~ = A A [ 1
mawqmumﬂ"lﬂmwum (NTUNDANTNULUANT)

%ung 1 517
1 2 3 Aunay SD
0 27.11 25.89 28.89 27.30 1.51
5 21.00 20.89 22.22 21.37 0.74
10 29.67 31.33 35.56 32.19 3.04
20 37.56 40.33 37.56 38.48 1.60
30 85.67 68.89 50.00 68.19 17.84
10 U9
1 2 3 Aunae SD
0 39.67 32.22 38.78 36.89 4.07
5 34.78 33.00 40.67 36.15 4.01
10 37.33 46.67 44.56 42.85 4.89
20 47.33 64.11 59.00 56.81 8.60
30 138.78 105.44 68.33 104.19 35.24
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maﬁqﬂujl,ﬁﬂ"lﬂd@ﬁ:uﬁ( FUADMTUNAT)
%103 10d 15 w1
1 2 3 Aunde SD
0 46.56 36.22 41.78 41.52 5.17
5 43.56 38.78 54.22 45.52 7.91
10 46.44 57.67 53.56 52.56 5.68
20 60.56 74.33 69.89 68.26 7.03
30 170.44 130.33 83.78 128.19 43.37
20 W
1 2 3 Aunde SD
0 53.00 44.33 49.78 49.04 4.38
5 48.11 42.22 62.78 51.04 10.59
10 56.00 65.11 63.22 61.44 4.81
20 73.56 79.67 79.33 77.52 3.44
30 193.56 150.56 99.78 147.96 46.94
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UHMWPE/n5 1@
%uns s | ddu | anwnda ANUNIN WAINUMIATZLND
(Haawas) (Jaawag) (N Tagadomsnuunsg)

0 1 10.84 3.54 44.97*
2 11.36 3.54 72.00

3 11.30 3.53 71.98

4 11.34 3.95 63.55

5 11.00 4.03 62.84

Mgy 67.59

5 1 10.94 4.01 90.50
2 11.14 3.89 86.23

3 10.82 3.95 79.29

4 10.56 432 68.10

5 11.24 4.44 68.41

Aunde 78.51

10 1 10.98 3.69 19.69*
2 10.64 3.87 58.99

3 10.92 3.82 59.41

4 10.36 4.02 54.65

5 10.38 4.09 58.87

Ande 57.98

WIeme * wiene Joyai s nnumaimasvesdoya
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N2 wamsnadeundasauAnnudumuaensinszunnvesTaaialszney
UHMWPE/NT IS (dp)
%unslid | &9y | Aanund ANUNU WAINUMINTZUNN
(Waaas) (Waaas) (N TagadpaII1ung)

20 1 11.06 4.24 21.03
2 10.8 3.83 17.53

3 10.98 3.84 17.90

4 11.10 422 21.60

5 9.90 3.95 13.49%

Aunde 19.52

30 1 10.98 4.44 3.34
2 10.80 4.17 5.29
3 11.14 4.40 6.91

4 10.68 4.02 5.94

5 10.88 4.05 4.18

Aunde 5.13

40 1 10.64 4.17 4.03
2 10.74 437 5.66

3 10.62 4.23 4.72

4 10.78 4.50 5.38

5 10.74 4.50 8.64%*

Aunde 4.95

WIee * wiene Joyai s nnumaimasvesdoya
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0285 , X _=0.12 ,V,=04
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Il

X = (0.285x0.4)+(0.12x (1- 0.4))

= 0.19
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A13197 U.3 NYUBIMIHEN (Rule of Mixtures) Vo3 aquFa1lsznoy UHMWPEANS 1Wd

NYUBINITNAY (Rule of Mixtures)
v p
duya UHMWPE | uns 14 veains ol
5 10 20 30 40
mmmﬁq 68.00 1.15 64.66 | 61.32 | 54.63 | 47.95 | 41.26
(Shore D)
Fulszansusuden 0.12 0.28 013 | 014 | 015 | 017 |0.19
mMu
ANUATUMUAD 536.07 97.00 | 514.12 | 492.16 | 448.26 | 404.35 | 360.44
113999
(nziheaaia)
ANMUATUMIUABITY | 71.40 58.80 | 70.77 | 70.14 | 68.88 | 67.62 | 66.36
ATLUNN
(N Taganons1unns)
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THTERNATIONAL

Standard Test Method for

Static and Kinetic Coefficients of Friction of Plastic Film and

Sheeting'

This standard is issued under the fixed designation D 1894; the number immed

indicates the year of

T ol

the desig

original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (€) indicates an editorial change since the last revision or reapproval.

This seandard has been approved for use by agencles of the Department of Defense.

1. Scope *

1.1 This test method covers determination of the coefficients
of starting and sliding friction of plastic film and sheeting when
sliding over itself or other substances at specified test condi-
tions. The procedure permits the use of a stationary sled with
a moving plane, or a moving sled with a stationary plane. Both
procedures yield the same coefficients of friction values for a
given sample.

Nore 1-—For the frictional charactenistics of plastic films partially
wrapped around a cylinder, or capstan, see Test Method G 143 under the
jurisdiction of ASTM Subcommittee GO2.50.

1.2 Test data obtained by this test method is relevant and
appropriate for use in engineering design.

1.2.1' As an option to this test, coefficient of frietion may be
run at temperatures other than 23°C by heating only the plane
while the sled is at ambient temperature.

1.3 The values stated in SI units are to be regarded as the
standard. The values given in parentheses are for information
only,

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use. For a specific
precautionary statement, see Note 7.

Nore 2—This test method and [SO/DIS 8295-1994 are not technically
equivalent.

2. Referenced Documents

2.1 ASTM Standards:

D618 Practice for Conditioning Plastics and Electrical
Insulating Materials for Testing”

D 883 Terminology Relating to Plastics®

! This test method is under the jurisdiction of ASTM Committee D20 on Plastics
und is the direct responsibility of Subcommittee D20.10 on Mechanical Properties.

Current edition approved March 10, 2001, Published June 2001, Onginally
published as [ 1894 - 61 T. Last previous edition D 1894 - 00.

? Anniiad Baok af ASTM Standards, Vol 08.01

D 3574 Test Methods for Flexible Cellular Materials—Slab,
Bonded, and Molded Urethane Foams®

D 4000 Classification System for Specifying Plastic Mate-
rials®

E 691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method*

G 143 Test Method for Measurement of Web/Roller Fric-
tion Characteristics®

22 ISO/DIS Standard:

ISO/DIS §295-1994°

3. Terminology

3.1 Defmitions:

3.1.1 friction, n—resistance to relative motion between two
bodies in contact.

3.LLL coeffieient of friction—the ratio of the force required
to move one surface over another to the total force applied
normal to those surfaces.

3.1.1.2 kinetic coeficient of friction—the ratio of the force
required to move one surface over another to the total force
applied normal to those surfaces, once that motion is in
progress.

3.1.1.3 static coefficient of friction—the ratio of the force
required to move one surface over another fo the total force
applied normal to those surfaces, at the instant motion starts,

D 996, D10

3.2 Definitions of Terms Specific to This Standard:

32.1 slip=in plastie films, lubricity of two surfaces sliding
in contact with cach other.

4. Significance and Use

4.1 Measurements of frictional properties may be made on a
film or sheeting specimen when sliding over itself or over
another substance. The coefficients of friction are related to the

" Annual Book of ASTM Standards, Vol 08,02,

* Awnwal Book of ASTM Standards, Vol 14.02.

¥ Annwal Book of ASTM Standands, Vol 03,02

" Available from American National Standards Instinate, 11 W. 42nd St, 13th
Floor, New York, NY 10036,

*“A Summary of Changes section appears at the end of this standard.

Copyright @ ASTM International, 100 Barr Harbor Drive, PO Beo C700, West Conshohocken, PA 19428-2359, United States.
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slip properties of plastic films that are of wide interest in
packaging applications. These methods yield empirical data for
control purposes in film production. Correlation of test results
with actual performance can usually be established.

4.1.1 This test method includes testing at temperatures other
than 23°C by heating only the plane while the sled is at ambient
temperature.

4.2 Slip properties are generated by additives in some
plastic films, for example, polyethylene. These additives have
varying degrees of compatibility with the film matrix. Some of
them bloom, or exude to the surface, lubricating it and making
it more slippery. Because this blooming action may not always
be uniform on all areas of the film surface, values from these
tests may be limited in reproducibility.

4.3 The frictional properties of plastic film and sheeting
may be dependent on the uniformity of the rate of motion
between the two surfaces. Care should be exercised to ensure
that the rate of motion of the equipment is as carefully
controlled as possible.

4.4 Data obtained by these procedures may be extremely
sensitive to the age of the film or sheet and the condition of the
surfaces. The blooming action of many slip additives is
time-dependent. For this reason, it is sometimes meaningless to
compare slip and friction propertics of films or sheets produced
at different times, unless it is desired to study this effect.

4.5 Frictional and slip properties of plastic film and sheeting
are based on measurements of surface phenomena. Where
products have been made by different processes, or even on
different machines by the same process, their surfaces may be
dependent on the equipment or its running conditions. Such
factors must be weighed in evaluating data from these meth-
ods.

4.6 The measurement of the static coeflicient of [riction is
highly dependent on the rate of loading and on the amount of
blocking occurring between the loaded sled and the platform
due to variation in time before motion is initiated.

4.7 Care should be exercised to make certain that the speed
of response of the recorder, either electronic or mechanical, is
not exceeded.

4.8 For many materials, there may be a specification that
requires the use of this test method, but with some procedural
modifications that take precedence when adhering to the
specification. Therefore, it 1s advisable to refer to that material
specification before using this test method. Table 1 of Classi-
fication System D 4000 Lists the ASTM materials standards that
currently exist.

5. Apparatus

5.1 Sled—A metal block 63.5 mm (22 in.) square by
approximately 6 mm (0.25 in.) thick with a suitable eye screw
fastened in one end. When a flexible film (see 6.2) is to be
attached, the block shall be wrapped with a sponge rubber 63.5
mm (2 Yzin.) in width and 3.2 mm (Yin.) in thickness. The
foam shall be flexible, smooth-faced, and have a nominal
density of 0.25 g/em’® when measured in accordance with the
Density Test of Methods D 3574, The pressure required to
compress the foam 25 % shall be 85 = 15 kPa (12.5 = 2.5 psi).

(=]

The foam shall also have a high hysteresis when deformed.”
The rubber shall be wrapped snugly around the sled and held
in place against the bottom and top of the sled with double-
faced masking tape. When a sheet (see 6.3) is to be attached,
double-faced tape shall be used to attach the specimen. The
total weight of the (wrapped) sled and specimen shall be 200 =
Sg

Note 3—Round-robin testing® has shown that the physical properties
of the backing can drastically affect both the coefficient of friction and
stick-slip behavior of the film,

5.2 Plane—A polished plastic, wood, or metal sheet,” ap-
proximately 150 by 300 by 1 mm (6 by 12 by 0.040 in.). A
smooth, flat piece of glass may cover the upper surface of the
plane. This provides a smooth support for the specimen.

5.2.1 When it is desirable to run tests at temperatures above
23°C, a heating unit shall be provided that is capable of
maintaining the temperature of the plane within £2°C of the
desired temperature. The temperature should be maintained
within +2°C of the desired temperature over the entire traverse
of the sled (that is, over the full surface of the plane).

Nore 4—If the equipment has a plane with a heater, a cover may be
used to help maintain the temperature of the plane within £2°C of the
desired temperature.

5.3 Scissors or Cutter, suitable for cutting specimens to the
desired dimensions.

5.4 Adhesive Tape, cellophane or pressure-sensitive.

5.5 Adhesive Tape, double-faced.

5.6 Nylon Monofilament, having a 0.33 + 0.05-mm (0.013
£ 0.002-in.) diameter and capable of supporting a 3.6-kg (8-Ib)
load.

5.7 Beaded Chain, flexible metal cable, or equivalent,
having a spring rate no less than 600 Ibs per inch of stretch per
inch of length (40 Ibs/in. (7000 N/m) for a 15-in. chain) in the
range of 50 to 150 g of tension (such as beaded lampswitch pull
chain).

5.8 Low-Friction Pulleys—A phenolic type pulley mounted
in hardened steel cone bearings on a metal fork. A ball-bearing
type pulley may also be used.

5.9 Force-Measuring Bevice, capable of measuring the
frictional force to 5% of its value. A spring gage'” (Note 3),
universal testing machine, or strain gage may be used.

Note 5—The capacity of the spring gage (Fig. 1{ a and b)) needed will
depend upon the range of values to be measured. For most plastic, a 500-g
capacity gage with 10-g or smaller subdivisions will be satisfactory, This
spring will measure coefficients of friction up to and including 2.5.

5.10 Supporting Base—A smooth wood or metal base
approximately 200 by 380 mm (8 by 15 in.) is necessary to
support the plane. The supporting base may be a simple
rectangular box. If a universal testing machine is used to pull

" Sheet stock, available from Greene Rubber Co., 59 Broadway, North Haven,
CT 06473, has been found satisfactory,

* Supporting data are available from ASTM Headguarters. Request RR: D20-
1065.

* Aerylic or rigid poly(viny| chloride) sheeting has been found satisfactory for
this purpose.

' Moddel L-500, available from Hunter Spring Co., Lansdale, PA, has been found
satisfactory for this purpose.
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A. Sled

B. Plane

C. Supporting base

D. Gage

E. Spring gage

F. Constant-speed chain drive

G. Constant-speed lensile tester crosshead

H. Constant-speed drive rolls

I Nylon monofilament

J. Low-inction pulley

K. Worm screw

L. Half nut

M. Hysteresis, synchronous motor

FIG. 1 Five Methods of Assembly of Apparatus for Determination of Coefficients of Friction of Plastic Film

a moving plane, a supporting- base of sufficient structural
strength and rigidity to maintain a firm pesition between the
moving crosshead and the force-measuring device will be
necessary.

5.1 Driving or Pulling Device for Sled or Plane—The
plane may be pulled by a driven pair of rubber-coated rolls not
less than 200 mm (8 in.) long, capable of maintaining a
uniform surface speed 150 = 30 mm/min (0.5 % 0.1 f/min)
(Fig. 1(h)), by the crosshead of a universal testing machine
(Fig. 1{d)) (Note 7), or a worm drive driven with a synchronous
motor (Fig. 1{¢)). A constant-speed chain drive system has also
been found satisfactory (Fig. 1(a)). A power-operated source
may be used for pulling the sled over the horizontally-mounted
specimen at a uniform speed of 150 = 30 mm/min (0.5 £ 0.1
ft/min). A universal testing machine equipped with a load cell
in its upper crosshead and a constant rate-of-motion lower
crosshead has been found satisfactory (see Fig. I(c)).

Nore 6—Where the moving crosshead of a universal testing machine 15

used to pullhe moving-plane through a pulley system (Fig. 1(d)), the
strain gage foad cell, or other load-sensing instrument in the testing
machine, actsas the force-measuring device.

6. Test Specimens

6.1 The test specimen that is to be attached to the plane shall
be cut approximately 250 mm (10 in.) in the machine direction
and 130 mm (5 in.) in the transverse direction when such
extrusion directions exist and are identifiable.

6.2 Afilm specimen that is to be attached to the sled shall be
cut approximately 120 mm (4'2in.) square. Film is defined as
sheeting having a nominal thickness of not greater than 0.254
mm as indicated in Terminology D 883.

6.3 A sheeting specimen (greater than 0.254 mm nominal
thickness) or another substance that is to be attached to the sled
shall be cut 63.5 mm (2% in.) square.

6.4 Sheeting specimens shall be flat and free of warpage.
Edges of specimens shall be rounded smooth.
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6.5 Five specimens shall be tested for cach sample unless
otherwise specified.

Nore 7T—Plastic films and sheeting may exhibit different frictional
properties in their respective principal directions due to anisotropy or
extrusion cffccts. Specimens may be tested with their long dimension in
either the machine or transverse direction of the sample, but it is more
common practice to test the specimen as described in 6.1 with its long
dimension parallel to the machine direction.

Nore 8—Caution: Extreme care must be taken in handling the speci-
mens. The test surface must be kept free of all dust, lint, finger prints, or
any foreign matter that might change the surface charactenstics of the
specimens,

7. Preparation of Apparatus

7.1 Fig. 1 shows five ways in which the apparatus may be
assembled. The support bases for all apparatus assemblies shall
be level.

7.2 If the apparatus of Fig. 1(a) or (b) is used, calibrate the
scale of the spring gage as follows:

7.2.1 Mount the low-friction pulley in front of the spring
gage.

7.2.2 Fasten one end of the nylon filament to the spring
gage, bring the filament over the pulley, and suspend a known
weight on the lower end of the filament to act downward.

Note 9—The reading on the scale shall correspond to the known
weight within® 5 %. The weight used for this calibration shall be between
50 and 75 % of the scale range on the gage.

7.3 The drive speed for the apparatus of Fig. 1(a and b) shall
be adjusted to 150 = 30 mm/min (6.0 = 1.2 in/min), This
speed may be checked by marking off a 150-mm (6.0 in.)
section beside the plane and determining the time required for
the plane to travel 150 mm.

74 If the apparatus of Fig. 1(c and o) employing a universal
testing machine is used, select the proper speed setting for a
crosshead motion of 150 % 30 mm/min (6.0 £ 1.2 in./min). A
similar speed for the load-displacement recorder is desirable,
However, the speed of the recorder can be adjusted to give the
desired accuracy.in reading the pen trace.

7.5 When the apparatus of Fig, I(¢) (moving sled-stationary
plane) is used, wipe the support base free of forcign matter and
lay down two strips of double-faced adhesive tape along the
length of the supporting base so that they are approximately
100 mm (4 in.) between centers.

7.6 Fix the plane in position on the tape strips and firmly
press in place.

§. Conditioning

8.1 Conditioning—Condition the test specimens at 23 =
2°C(73.4 £ 3.6°F) and 50 £ 5 % relative humidity for not less
than 40 h prior to test in accordance with Procedure A of
Practice D 618, for those tests where conditioning is required.
In cases of disagreement, the tolerances shall be® 1°C
(£ 1.8°F) and *2 % relative humidity.

8.2 Test Conditions—Conduct tests in the standard labora-
tory atmosphere of 23 = 2°C (734 = 3.6°F) and 50 £ 5%
relative humidity, unless otherwise specified in the test meth-
ods or in this test method. In cases of disagreement, the
tolerances shall be £1°C (= 1.8°F) and =2 % relative humid-
ity. In specific cases, such as control testing, where the

conditioning requirements cannot be met and the data still may
be of direct assistance to the operation, other conditioning
procedures may be used and recorded in the report. Frictional
propertics should be measured only after sufficient time has
been allowed for the specimens to reach essential equilibrium
with the ambient atmosphere.

9. Procedure

9.1 Tape the 250 by 130-mm (10 by 3-in.) film or sheet
specimen to the plane with the machine direction of the
specimen in the 250-mm direction, Smooth the film specimen
to eliminate wrinkles if necessary, taking care not to alter the
specimen surface through finger oils, etc.

Note 10~ For some samples it has been found necessary to tape only
the leading edge of the specimen to the plane. In some cases the specimen
has been pulled through the nip rolls apparatus of Fig. 1(h) without the
plane. However, should any dispute arise, taping of all four edges will be
the referee method

Nore |1—For the sake of uniformity and later comparison when testing
a specimen sliding over itself, the specimens shall be mounted so that the
same side of the specimen shall be used as the contact surface for both the
maoving and stationary specimens.

Note 12—Cocfficient of friction measurements may be made on a film
or sheeting specimen when sliding over itself or over other substance
surfaces whercin the movement is made in the transverse direction of the
specimen. However, the methods described here will be confined to
movements in the machine direction of the specimens.

9.2 For film specimens, tape the edges of the 120-mm
(4!2-in.) square film specimen to the back of the sled, using
adhesive tape and pulling the specimen tight to eliminate
wrinkles without stretching it. For sheet specimens, tape the
63.5-mm (2'/4-in.) square sheet specimen or second substrate to
the sled face with double faced tape. Keep the machine
direction of the specimen parallel to the length of the sled
(where such a direction exists and is identifiable).

9.3 Attach the specimen-covered sled through its eye screw
to the nylon filament. If a universal testing machine is used
(Fig. I{c and d)), pass the. filament through pulley(s) and
upward to the bottom of the load-sensing device and attach
securely. If a spring gage is used (Fig. 1(a and b)), securely
attach the filament to“it. The nylon filament shall be of
sufficient length to allow maximum sled or plane travel. With
some slack in the mylon filament, lightly place the sled in
position on the horizontal plane (Note 12). The positioning of
the sled shall be such that the length of the sled, the adjacent
length of nylon filament, and the long dimension (machine
direction) of the plane-mounted specimen are parallel. For
material combinations found to have an excessive stick-slip
tendency, wherein the kinetic portion of the test degenerates
into a series of static tests interspersed by rapid jumps of the
sled, it is advisable but not mandatory to substitute the metal
tow line (5.7) for the nylon tow line to make kinetic measure-
ments. This will necessitate making separate measurements for
static and kinetic friction coefficients. Each laboratory will
determine what level of stick-slip is considered excessive for
its materials. In case of disagreement between testing labora-
tories, the nylon tow line remains the referee procedure.

Nore 13—The purpose of using a nylon filament for the static friction
and sometimes a metallic tow line for kinetic friction is to avoid a faster
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force buildup in the static measurement than the recorder can respond to,
and to allow time for the recorder to separate the buildup of static friction
force in the nylon filament from the mass acceleration force as the sled
breaks loose. The opposite effect is needed from the metallic ww line
during kinetic friction measurement to prevent the oceurrence of repeated
stick-slips instead of steady motion.

Nore 14—The sled must be placed very lightly and gently on the plane
to prevent any unnatural bond from developing. A high starting coefficient
of friction may be caused by undue pressure on the sled when mounting
it onto the plane,

9.4 Start the driving mechanism (which has been adjusted
previously to provide a speed of 150 * 30 mm/min (6.0 + 1.2
in/min)). As a result of the frictional force between the
contacting surfaces, no immediate relative motion may take
place between the sled and the moving plane until the pull on
the sled is equal to, or exceeds, the static frictional foree acting
at the contact surfaces. Record this initial, maximum reading as
the force component of the static coeflicient of friction.

9.4.1 If conducting the test at temperatures above 23°C (the
temperature of the plane), ensure that sufficient time for the
interface to reach the temperature of the plane has clapsed
before starting the driving mechanism.

9.5 Record the visual average reading during a ‘run of
approximately 130 mm (5 in.) while the surfaces are sliding
uniformly over one another. This is equivalent to the kinetic
force required to sustain motion between the surfaces and
normally is lower than the static force required to initiate
motion, After the sled has traveled over 130 mm (5 in.) stop the
apparatus and return to the starting position.

9.6 Ifa strain gage and load-displacement recorder are used,
cither draw the best straight line midway between the maxi-
mum points and minimum points shown on the chart while the
sled is in motion, or obtain the average load by integration of
the recorder trace. The mean load is the kinetic friction force
required to sustain motion on the sled.

9.7 Remove the film or sheeting specimen from the sled and
the horizontal plane. The apparatus is now ready for the next
set of specimens. A new set of specimens shall be used for each
run. No specimen surface(s) shall be tested more than once
unless such tests constitute.one of the variables to be studied.

Note 15—The maximum ‘point at which initial wation 1akes place
between the sled and the horizontal planc should be cargfiilly examined
with reference to the rate of loading and the speed of response of the
sensing device. Failure to consider this factor can lead to meaningless
results for the value of the static coefficient of friction.

10. Calculation

10.1 Calculate the static coefficient of friction p, as follows:
u=A4/8 (1)
where:
A, = initial motion scale reading, g, and
B8 = sled weight, g.

10.2 Calculate the kinetic coefficient of friction, p, as
follows:

W=AJB (2)

where:

A, = average scale reading obtained during uniform sliding
of the film surfaces, g, and

B = sled weight, g,

10.3 Caleulate the arithmetic mean of each set of observa-
tions and report these values to three significant figures.

10.4 Calculate the standard deviation (estimated to bex
15 % of the value of the coefficient of friction) as follows, and
report it to two significant figures:

s=VIEC = n X - 1) 3)

where:

5 = sample standard deviation,

X = value of a single observation,

n = number of observations, and

X = arithmetic mean of the set of observations,

11. Report

11.1 Report the following information:

11.1.1 Complete description of the plastic sample, including
manufacturer’s code designation, thickness, method of produc-
tion, surfaces tested, principal directions tested, and approxi-
mate age of sample after manufacture,

11.1.2 Description of second substance if used,

11.1.3 Apparatus used,

11.1.4 Average static and kinetic coefficients of friction,
together with the standard deviation,

11.1.5 Number of specimens tested for each coefficient of
friction, and

11.1.6 The temperature of the plane at which the test was
condueted.

12. Precision and Bias "'
12.1 Precision—Table 1 is based on a round robin con-

' Supporting data are available from ASTM Headquarters, Request RR: D20-
1131,

TABLE 1 Precision Data at 23°C

Static Coeffielent of Friction at 23°C

Material Boig - S [ L2
Palyethyleng, 0.18 0.018 0.066 0.050 0.186
(M3)
Palyethylene, 0.18 0.027 0.135 0.077 0.383
(M4)
Polyester, 0.20 0.009 0.037 0.025 0.104
(M1)
Polyester, 0.70 0.066 0.094 0.186 0.265
(M2)
Kinetic Coefficient of Friction at 23°C
Material Avg s/ Sp” 1° I
Palyethylene, 0.18 0.007 0.046 0.018 013
(M3)
Palyethylene, 012 0,007 0.025 0021 0.07T1
(M4)
Polyester, 017 0.005 0.021 0.015 0.059
(M1)
Polyester, 0.66 0.054 0123 0.154 0.349
(M2)
A 5, = within y standard of the average,
5 & = between-lab standard d of the average,
©1,=283 5, and

01,=283 8,
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ducted in 1986 in accordance with Practice E 691, involving
four materials tested by seven laboratories. For each material,
all of the samples were prepared at one source, Each laboratory
obtained seven test results for cach material. Each test result
was one determination per each material. S, and S are based
on five determinations for five materials in accordance with the
test method. The temperature of the plane was 23°C for all of
the tests,

Nore 16—Caution: The following explanations of /, and [, (123-
12.3.3 ) are only intended to present a meaningful way of considering the
approximate precision of this test method, The data in Table | should not
be rigorously applied to acceptance or rejection of material, as those data
are specific to the round robin and may not be representative of other lots,
conditions, materials, or laboratories. Users of this test method should
apply the principles outlined in Practice E 691 to generate data specific to
their laboratory and materials, or between specific laboratories. The
principles of 12.3-12.3.3 would then be valid for such data.

122 Table 2 presents repeatability data at 38°C for one

TABLE 2 Repeatability Data at 38°C
Static Coefficient of Friction at 38°C

material tested by one laboratory. The average is based upon 18
specimens tested by one operator using one instrument in
accordance with this test method.

12.3 Concept of |, and l—If S, and S, were calculated
from a large enough body of data, and for test results that were
averages from the number of determinations stated in 12.1.

12.3.1 Repeatability, 1, (Comparing two test results for the
same material, obtained by the same operator using the same
equipment on the same day)—The samples represented by the
two results should be regarded as not having equivalent friction
if they differ by more than the /. value for that material and
condition,

12.3.2 Reproducibility, 1; (Comparing two test results for
the same material, obtained by different operators using differ-
ent equipment on difterent days)—The samples represented by
the two test results should be regarded as not having equivalent
friction if they differ by more than the /; value for that material
and condition.

12.3.3 Any judgment in accordance with 12,31 and 12,3.2
would have an approximate 95 % (0.95) probability of being
correct,

Material Average SA 2 ) . .
Fr— e e ol 12.4 Bias—There are no recognized standards on which to
- - base an estimate of bias for this test method.
Kinetic Coefficient of Friction at 38°C
Material hverage g4 " 13, K d
. Keywords
Polyethylene 0246 0014 0,041
A g, = within ES—— 13.1 friction; kinetic coefficient of friction; plastic film;
6122838, plastic sheeting; slip; static coefficient of friction
SUMMARY OF CHANGES

This section identifies the location of selected changes to this test method. For the convenience of the user,
Committee D20 has highlighted those changes that may impact the use of this test method. This section may also
include descriptions of the changes or reasons for the changes, or both.

D 1894-99:

(1) Added Note 2.

D 1894-00:

(1) Revised Section 3, Terminology.

D 1894-01:

(1) Revised 12, 4.1, 5.2, and 9.4 to include testing at
temperatures above 23°C.

(2) Added Table 2.
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1. Scope

1.1 These test methods cover the determination of the
resistance of plastics to “standardized” (see Note |) pendulum-
type hammers, mounted in “standardized” machines, in break-
ing standard specimens with one pendulum swing. The stan-
dard tests for these test methods require specimens made with
a milled notch (see Note 2). In Test Methods A, C, and D, the
notch produces a stress concentration that increases the prob-
ability of a brittle, rather than a ductile, fracture. In Test
Method E, the impact resistance is obtained breakage by
flexural shock as indicated by the energy extracted from by
reversing the notched specimen 180° in the clamping vise, The
results of all test methods are reported in terms of cnergy
absorbed per unit of specimen width or per unit of cross-
sectional area under the notch. (See Note 3.)

Nore 1—The machines with their pendulum-type hammers have been
“standardized” in that they must comply with certain reguirements,
including a fixed height of hammer fall that results in a substantially fixed
velocity of the hammer at the moment of impact. However, hammers of
different initial energies (produced by varying their effective weights) are
recommended for use with specimens of different impact resistance,
Moreover, f s of the equip are permitted to use diffs
lengths and constructions of pendulums with possible differences in
pendulum rigidities resulting. (See Section 3.) Be aware that other
differences in machine design may exist. The specimens are “standard-
ized™ in that they are required to have one fived leagth, one fixed depth,
and one particular design of milled notch. The width of the specimens is
permitted to vary between limits,

Nore 2—The notch it the lzod specimen serves to concentrate the
stress, minimize plastic deformation;-and dircct the fracture to the part of
the specimen behind the notch. Seatter i energy-to-break is thus reduced.
However, because of differences in the elastic and wiscoelastic properties
of plastics, response to a given notch varies among materials. A measure
of a plastic’s “notch sensitivity” may be obtained with Test Method D by
comparing the energies to break specimens having different radii at the
base of the notch.

Nore 3—Caution must be exercised in interpreting the results of these
standard test methods. The following testing parameters may affect test
results significantly:

! These test methods are under the jurisdiction of ASTM Committee D-20 on
Plastics and are the direct responsibility of Subcommittee D20.10 on Mechanical
Properties.

Current edition approved April 10, 1997 Published May 1998, Onginally
published as D 256 - 26T, Last previous edition [} 256 - 93a.

Method of fabrication, including but not limited to processing
technology, molding conditions, mold design, and thermal
treatments;

Method of notching:

Speed of notching tool;

Design of noiching apparatus;

Quality of the nolch;

Time between nofching and test;

Test specimen thickness,

Test specimen width under notch, and

Environmental conditioning.

1.2 The values stated in SI units are to be regarded as the
standard. The values given in parentheses are for information
only.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

Note 4—These test methods resemble 1SO 180:1993 in regard to title
only. The contents arc significantly different,

2. Referenced Documents

2.1 ASTM Standards:

D618 Practice for Conditioning Plastics and Electrical
Insulating Materials for Testing?

D 883 Terminology Relating to Plastics®

D 3641 Practice for Injection Molding Test Specimens of
Thermoplastics Molding Extrusion Materials®

D 400? Classification System for Specifying Plastic Mate-
rials

D 4066 Specification for Nylon Injection and Extrusion
Materials®

D 4812 Test Methods for Unnoticed Cantilever Beam Im-
pact Strength of Plastics*

E 691 Practice for Conducting an Interlaboratory Test Pro-
gram to Determine the Precision of Test Methods®

22 IS0 Standard:

ISO 180:1993 Plastics—Determination of Izod Impact

2 Al Book of ASTM Standards, Yol 08,01,
* Amnual Book of ASTM Standands, Vol 08,02,
* Annual Book of ASTM Standands, Yol 08,03,
# Awnual Book of ASTM Standands, Vol 1402,
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Strength of Rigid Materials®

3. Terminology

3.1 Definitions— For definitions related to plastics see
Terminology D 883.

3.2 Definitions of Terms Specific to This Standard:

3.2.1 cantilever—a projecting beam clamped at only one
end,

3.2.2 notch sensitivity—a measure of the variation of impact
energy as a function of notch radius.

4. Types of Tests

4.1 Four similar methods are presented in these test meth-
ods. (See Note 5.) All test methods use the same testing
machine and specimen dimensions. There is no known means
for correlating the results from the different test methods.

Nore 5—Test Method B for Charpy has been removed and is being
revised under a new standard.

4.1.1 In Test Mcthod A, the specimen is held as a vertical
cantilever beam and is broken by a single swing of the
pendulum. The line of initial contact is at a fixed distance from
the specimen clamp and from the centerline of the notch and on
the same face as the notch.

4.1.2 Test Method C is similar to Test Method A, except for
the addition of a procedure for determining the energy ex-
pended in tossing a portion of the specimen. The value reported
is called the “estimated net Izod impact resistance.” Test
Method C is preferred over Test Method A for materials that
have an Izod impact resistance of less than 27 Jm (0.5
ft-Ibffin.) under notch. (See Appendix X5 for optional units.)
The differences between Test Methods A and C become
unimportant for materials that have an [zod impact resistance
higher than this value.

4.1.3 Test Method D provides a measure of the notch
sensitivity of a material. The stress-concentration at the notch
increases with decreasing notch radius.

4.1.3.1 For a given system, greater stress concentration
results in higher localized rates-of-strain. Since the effect of
strain-rate on energy-ta=break varies among materials, a mea-
sure of this effect may beobtained by testing specimens with
different notch radii. In the Teod-typetest it has-been demon-
strated that the function, energy-to-break versus noich radius,
is reasonably linear from a radius of 0.03 to 2.5 mm (0.001 to
0.100 in.), provided that all specimens have the same type of
break. (See 5.8 and 22.1))

4,1.3.2 For the purpose of this test, the slope, b (see 22.1),
of the line between radii of 0.25 and 1.0 mm (0.010 and 0.040
in.) is used, unless tests with the 1.0-mm radius give “non-
break™ results. In that case, 0.25 and 0.50-mm (0.010 and
0.020-in.) radii may be used. The effect of notch radius on the
impact energy to break a specimen under the conditions of this
test is measured by the value b. Materials with low values of b,
whether high or low energy-to-break with the standard notch,
are relatively insensitive to differences in noteh radius; while

* Available from American National Standards Institute, 11 W, 42nd St., 13th
Floor, New York, NY 10036,

the energy-to-break materials with high values of b is highly
dependent on notch radius, The parameter b cannot be used in
design calculations but may serve as a guide to the designer
and in selection of materials.

4.2 Test Method E is similar to Test Method A, except that
the specimen is reversed in the vise of the machine 180° to the
usual striking position, such that the striker of the apparatus
impacts the specimen on the face opposite the notch. (See Fig.
1, Fig. 2.) Test Method E is used to give an indication of the

STRIKING EDGE RADIUS
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0047+ G.00K n)
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FIG. 1 Relationship of Vise, Specimen, and Striking Edge to Each
Other for lzod Test Methods A and C

unnotched impact resistance of plastics; however, results ob-
tained by the reversed notch method may not always agree with
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FIG. 2 Relationship of Vise, Specimen, and Striking Edge to Each
Other for Test Method E
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those obtained on a completely unnotched specimen. {See
28.1)7F

5. Significance and Use

5.1 Before proceeding with these test methods, reference
should be made to the specification of the material being tested.
Any test specimen preparation, conditioning, dimensions, and
testing parameters covered in the materials specification shall
take precedence over those mentioned in these test methods. If
there is no material specification, then the default conditions
apply.

5.2 The excess energy pendulum impact test indicates the
energy to break standard test specimens of specified size under
stipulated parameters of specimen mounting, notching, and
pendulum velocity-at-impact,

5.3 The energy lost by the pendulum during the breakage of
the specimen is the sum of the following:

5.3.1 Energy to initiate fracture of the specimen;

5.3.2 Energy to propagate the fracture across the specimen;

5.3.3 Energy to throw the free end (or ends) of the broken
specimen (“toss correction”);

5.3.4 Energy to bend the specimen;

5.3.5 Energy to produce vibration in the pendulum arm;

5.3.6 Energy to produce vibration or horizontal movement
of the machine frame or base;

5.3.7 Energy to overcome friction in the pendulum bearing
and in the excess energy indicating mechanism, and to over-
come windage (pendulum air drag);

5.3.8 Energy to indent or deform plastically the specimen at
the line of impact; and

5.3.9 Energy to overcome the friction caused by the rubbing
of the striker (or other part of the pendulum) over the face of
the bent specimen.

5.4 For relatively brittle materials, for which fracture propa-
gation energy is small in comparison with the fracture initiation
energy, the indicated impact energy absorbed is, for all
practical purposes, the sum of factors 5.3.1 and 5.3.3. The toss
correction (see 5.3.3) may represent a very large fraction of the
total energy absorbed when testing relatively dense and brittle
materials. Test Method € shall be used for materials that have
an lzod impact resistance of fess than 27 J/m (0.5 ft:bf/in.).
(See Appendix X5 for optional units:). The toss correction
obtained in Test Method C is only an approximation.of the toss
crror, since the rotational and rectilinear velocities may not be
the same during the re-toss of the specimen as for the original
toss, and because stored stresses in the specimen may have
been released as kinetic energy during the specimen fracture.

5.5 For tough, ductile, fiber filled, or cloth-laminated mate-
rials, the fracture propagation energy (see 5.3.2) may be large
compared to the fracture initiation energy (see 5.3.1). When
testing these materials, factors (see 5.3.2, 5.3.5, and 5.3.9) can
become quite significant, even when the specimen is accurately
machined and positioned and the maching is in good condition
with adequate capacity. (See Note 6.) Bending (see 5.3.4) and

7 Supparting data giving results of the interlaboratory tests are available from
ASTM Headquarters. Request RR: D20-1021,

* Supporting data giving results of the interlaboratory tests are available from
ASTM Headquarters. Request RR: D20-1026.

indentation losses (see 5.3.8) may be appreciable when testing
soft materials.

Note: 6—Although the frame and base of the machine should be
sufficiently rigid and massive to handle the energies of tough specimens
without motion or excessive vibration, the design must ensure that the
center of percussion be at the center of strike. Locating the striker
precisely at the center of percussion reduces vibration of the pendulum
arm when used with britle specimens. However, some losses due to
pendulum arm vibration, the amount varying with the design of the
pendulum, will oceur with tough specimens, even when the striker is
properly positioned.

5.6 In a well-designed machine of sufficient rigidity and
mass, the losses due to factors 5.3.6 and 5.3.7 should be very
small. Vibrational losses (see 5.3.6) can be quite large when
wide specimens of tough materials are tested in machines of
insufficient mass, not securely fastened to a heavy base.

5.7 With some materials, a critical width of specimen may
be found below which specimens will appear ductile, as
evidenced by considerable drawing or necking down in the
region behind the notch and by a relatively high-energy
absorption, and above which they will appear brittle as
evidenced by little or no drawing down or necking and by a
relatively low-energy absorption, Since these methods permit a
variation in the width of the specimens, and since the width
dictates, for many materials, whether a brittle, low-energy
break or a duetile, high energy break will occur, it is necessary
that the width be stated in the specification covering that
material and that the width be reported along with the impact
resistance. In view of the preceding, one should not make
comparisons between data from specimens having widths that
differ by more than a few mils.

5.8 The type of failure for each specimen shall be recorded
as one of the four categories listed as follows:

Cc Compieie Break—A break where the specimen
separates into two or more pieces,
H Hinge Break—An incompéete break, such that one

part of the specimen cannot support itself above
the horizontal when the other part is held vertically
(less than 90* included angle).

P Partial Braak—An incomplete break that does not
meel lhe definition for a hinge break but has frac-
tured al least 90 % of the distance between the
vertex of the notch and the opposite side.

MB MNon-Break—An incomplete break where the frac-
fure extends less than 80 % of the distance be-
ween the vertex of the notch and the cpposite
side.

For tough materials, the pendulum may not have the energy
necessary to complete the breaking of the extreme fibers and
toss the broken picee or pieces. Results obtained from “non-
break™ specimens shall be considered a departure from stan-
dard and shall not be reported as a standard result. Impact
resistance cannot be directly compared for any two materials
that experience different types of failure as defined in the test
method by this code. Averages reported must likewise be
derived from specimens contained within a single failure
category. This letter code shall suffix the reported impact
identifying the types of failure associated with the reported
value. If more than one type of failure is observed for a sample
material, then the report will indicate the average impact
resistance for each type of failure, followed by the percent of
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the specimens failing in that manner and suffixed by the letter
code.

5.9 The value of the impact methods lies mainly in the areas
of quality control and materials specification. If two groups of
specimens of supposedly the same material show significantly
different energy absorptions, types of breaks, critical widths, or
critical temperatures, it may be assumed that they were made
of different materials or were exposed to different processing or
conditioning environments, The fact that a material shows
twice the energy absorption of another under these conditions
of test does not indicate that this same relationship will exist
under another set of test conditions. The order of toughness
may even be reversed under different testing conditions.

TEST METHOD A—CANTILEVER BEAM TEST

6. Apparatus

6.1 The machine shall consist of a massive base on which is
mounted a vise for holding the specimen and to which is
connected, through a rigid frame and bearings, a pendulum-
type hammer. (See 6.2.) The machine must also have a
pendulum holding and releasing mechanism and a pointer and
dial mechanism for indicating the excess energy remaining in
the pendulum after breaking the specimen. Optionally, an
electronic digital display or computer can be used in place of
the dial and pointer to measure the energy loss and indicate the
breaking energy of the specimen.

6.2 A jig for positioning the specimen in the vise and graphs
or tables to aid in the calculation of the correction for friction
and windage also should be included. One type of machine is
shown in Fig. 3. One design of specimen-positioning jig is
illustrated in Fig. 4. Detailed requirements are given in
subsequent paragraphs. General test methods for checking and
calibrating the machine are given in Appendix X1. Additional

FIG. 3 Cantilever Beam (lzod-Type) Impact Machine

FIG. 4 Jig for Positioning Specimen for Clamping

instructions for adjusting a particular machine should be
supplied by the manufacturer.

6.3 The pendulum shall consist of a single or multi-
membered arm with a bearing on one end and a head,
containing the striker, on the other. The arm must be suffi-
ciently rigid to maintain the proper clearances and geometric
relationships between the machine parts and the specimen and
to minimize vibrational energy losses that are always included
in the measured impact resistance. Both simple and compound
pendulum designs may comply with this test method.

6.4 The striker of the pendulum shall be hardened steel and
shall be a cylindrical surface having a radius of curvature of
0.80 = 0.20 mm (0.031 = 0.008 in.) with its axis horizontal
and perpendicular to the plane of swing of the pendulum. The
line of contact of the striker shall be located at the center of
percussion of the pendulum within +£2.54 mm (=0.100 in.)
(See Note 7.) Those portions of the pendulum adjacent to the
cylindrical strking edge shall be recessed or inclined at a
suitable angle so that there will be no chance for other than this
eylindrical surface coming in contact with the specimen during
the break.

Nore 7—The distance from the axis of support to the center of
percussion may be determined experimentally from the period of small
amplitude oscillations of the pendulum by means of the following
equation:

L= g )p’

where:

L = distance from the axis of support to the center of percussion, m

(or ft),

local gravitational acceleration (known to an accuracy of one

part in one thousand), mis” (or fi's?),

= 31416 (47 = 39.48), and

p = period, s, of a single complete swing (to and fro) determined by
averaging at least 20 consecutive and uminterrupted swings, The
angle of swing shall be less than 5° each side of center,

s
1}

=
[
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6.5 The position of the pendulum holding and releasing
mechanism shall be such that the vertical height of fall of the
striker shall be 610 = 2 mm (24.0 = 0.1 in.). This will produce
a velocity of the striker at the moment of impact of approxi-
mately 3.5 m (11.4 ft)/s. (See Note 8.) The mechanism shall be
so constructed and operated that it will release the pendulum
without imparting acceleration or vibration to it.

Note 8—
v = (2gh)*

= velocity of the striker at the moment of impact (my's),
g = local gravitational acceleration (m/s’), and

h = vertical height of fall of the striker (m).

This assumes no windage or friction.

6.6 The effective length of the pendulum shall be between
0.33 and 040 m (12.8 and 16.0 in) so that the required
clevation of the striker may be obtained by raising the
pendulum to an angle between 60 and 30° above the horizontal.

6.7 The machine shall be provided with a basic pendulum
capable of delivering an energy of 2.7 = 0.14 J (2,00 = 0.10
ft-Ibf). This pendulum shall be used with all specimens that
extract less than 85 % of this energy. Heavier pendulums shall
be provided for specimens that require more energy to break.
These may be separate interchangeable pendulums or one basie
pendulum to which extra pairs of equal calibrated weights may
be rigidly attached to opposite sides of the pendulum, It is
imperative that the extra weights shall not significantly change
the position of the center of percussion or the free-hanging rest
point of the pendulum (that would consequently take the
machine outside of the allowable calibration tolerances), A
range of pendulums having energies from 2.7t0 21.7J (2 to 16
ft-Ibf) has been found to be sufficient for use with most plastic
specimens and may be used with most machines, A series of
pendulums such that each has twice the energy of the next will
be found convenient. Each pendulum shall have an energy
within = 0.5 % of its nominal capacity.

6.8 A vise shall-be provided for clamping the specimen
rigidly in positionso_that the long axis of the specimen is
vertical and at right angles 4o the top plane of the vise. (See Fig.
1) This top plane shall bisect the angle of the notch with a
tolerance of 0.12 mm (0.005 in.). Correct positioning of the
specimen is generally done with a jig furnished with the
machine. The top edges of the fixed and moveable jaws shall
have a radius of 0.25 = 0,12 mm (0.010 % 0.005 in.). For
specimens whose thickness approaches the lower limiting
value of 3.00 mm (0.118 in.), means shall be provided to
prevent the lower half of the specimen from moving during the
clamping or testing operations (see Fig. 4 and Note 9.)

Nore 9—Some plastics are sensitive 1o clamping pressure; therefore,
cooperating laboratories should agree upon some means of standardizing
the clamping force. One method is using a torque wrench on the screw of
the specimen vise. If the faces of the vise or specimen are not flat and
parallel, a greater sensitivity to clamping pressure may be evident, See the
calibration procedure in Appendix X2 for adjustment and comection
instructions for faulty instruments.

6.9 When the pendulum is free hanging, the striking surface
shall come within 0.2 % of scale of touching the front face of
a standard specimen. During an actual swing this element shall

make initial contact with the specimen on a line 22.00 = 0.05
mm (0.87 = 0.002 in.) above the top surface of the vise.

6.10 Means shall be provided for determining energy re-
maining in the pendulum after breaking the specimen. This
may consist of a pointer and dial mechanism which indicate the
height of rise of the pendulum beyond the point of impact in
terms of energy removed from that specific pendulum. Since
the indicated remaining energy must be corrected for
pendulum-bearing friction, pointer friction, pointer inertia, and
pendulum windage, instructions for making these corrections
are included in 10.3 and Annex Al and Annex A2. Optionally,
an electronic digital display or computer can be used in place
of the dial and pointer to measure the energy loss and indicate
the breaking energy of the specimen. If the electronic display
does not automatically correct for windage and friction, it shall
be incumbent for the operator to determine the energy loss
manually. (See Note 10.)

Note 10—Many digital indicating systems automatically correct for
windage and friction. The equipment manufacturer may be consulted for
details concerning how this is performed, or if it is necessary to determine
the means for manually calculating the energy loss due to windage and
friction.

6.11 The vise, pendulum, and frame shall be sufficiently
rigid to maintain correct alignment of the hammer and speci-
men, both at the moment of impact and during the propagation
of the fracture, and to minimize energy losses due to vibration,
The base shall be sufficiently massive that the impact will not
cause it to move, The machine shall be so designed, con-
structed, and maintained that energy losses due to pendulum air
drag (windage), friction in the pendulum bearings, and friction
and inertia in the excess energy-indicating mechanism are held
to a minimum.

6.12 A check of the calibration of an impact machine is
difficult to make under dynamic conditions. The basic param-
eters are normally checked under static conditions; if the
machine passes the static fests, then it is assumed to be
accurate. The calibration procedure in Appendix X2 should be
used to establish the accuracy of the equipment. However, for
some machine designs it might be necessary to change the
recommended method of obtaining the required calibration
measurements, Other methods of performing the required
checks may be substituted, provided that they can be shown to
result in an equivalent accuracy. Appendix X1 also describes a
dynamic test for checking certain features of the machine and
specimen.

7. Test Specimens

7.1 The test specimens shall conform to the dimensions and
geometry of Fig. 5, except as modified in accordance with 7.2,
7.3, 74, and 7.5, To ensure the correct contour and conditions
of the specified notch, all specimens shall be notched as
directed in Section 8.

7.2 Molded specimens shall have a width between 3.0 and
12,7 mm (0.118 and 0.500 in.). Use the specimen width as
specified in the material specification or as agreed upon
between the supplier and the customer. All specimens having
one dimension less than 12.7 mm (0.500 in.) shall have the
notch cut on the shorter side. Otherwise, all compression-
molded specimens shall be notched on the side parallel to the
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FIG. 5 Dimensions of lzod-Type Test Specimen

direction of application of molding pressure. (Due to the draft
of the mold, the notched surface and the opposite surface may
not be parallel in molded specimens. Therefore, it is essential
that the notched surface be machined parallel to its opposite
surface within 0.025 mm (01001 in.); remoying a minimum of
material in the process, so as to remain within-the allowable
tolerance for the specimen depth). (See Fig. 5.)

7.2.1 Extreme care must be used in handling specimens less
than 6.4 mm (0.250 in.) wide. Such specimens must be
accurately positioned and supported to prevent twist or lateral
buckling during the test. Some materials, furthermore, are very
sensitive to clamping pressure (see Note 9).

7.2.2 A critical investigation of the mechanics of impact
testing has shown that tests made upon specimens under 6.4
mm (0.250 in.) wide absorb more energy due to crushing,
bending, and twisting than do wider specimens, Therefore,
specimens 6.4 mm (0.250 in.) or over in width are recom-
mended. The responsibility for determining the minimum
specimen width shall be the investigator's, with due reference
to the specification for that material.

7.2.3 Material specification should be consulted for pre-
ferred molding conditions. The type of mold and molding

machine used and the flow behavior in the mold cavity will
influence the impact resistance obtained. A specimen taken
from one end of a molded plaque may give different results
than a specimen taken- from the other end. Cooperating
laborateries should therefore agree on standard molds con-
forming to the material specification. Practice D 3641 can be
used as a guide for general molding tolerances, but refer to the
material specification for specific molding conditions.

7.2.4 The impact resistance of a plastic material may be
different if the notch is perpendicular to, rather than parallel to,
the direction of molding. The same is true for specimens cut
with or across the grain of an anisotropic sheet or plate.

7.3 For sheet materials, the specimens shall be cut from the
sheet in both the lengthwise and crosswise directions unless
otherwise specified. The width of the specimen shall be the
thickness of the sheet if the sheet thickness is between 3.0 and
12.7 mm (0.118 and 0.500 in.). Sheet material thicker than 12.7
mm shall be machined down to 12.7 mm. Specimens with a
12.7-mm square cross section may be tested either edgewise or
flatwise as cut from the sheet. When specimens are tested
flatwise, the notch shall be made on the machined surface if the
specimen is machined on one face only. When the specimen is




i D 256

cut from a thick sheet, notation shall be made of the portion of
the thickness of the sheet from which the specimen was cut, for
example, center, top, or bottom surface.

7.4 The practice of cementing, bolting, clamping, or other-
wise combining specimens of substandard width to form a
composite test specimen is not recommended and should be
avoided since test results may be seriously affected by interface
effects or effects of solvents and cements on energy absorption
of composite test specimens, or both, However, if [zod test data
on such thin materials are required when ne other means of
preparing specimens are available, and if possible sources of
error are recognized and acceptable, the following technique of
preparing composites may be utilized.

74.1 The test specimen shall be a composite of individual
thin specimens totaling 6.4 to 12.7 mm (0.250 to 0.500 in.) in
width. Individual members of the composite shall be accurately
aligned with each other and clamped, bolted, or cemented
together. The composite shall be machined to proper dimen-
sions and then notched. In all such cases the use of composite
specimens shall be noted in the report of test results.

7.4.2 Care must be taken to select a solvent or adhesive that
will not affect the impact resistance of the material under test.
If solvents or solvent-containing adhesives are employed, a
conditioning procedure shall be established to ensure complete
removal of the solvent prior to test.

7.5 Each specimen shall be free of twist (see Note 11) and
shall have mutually perpendicular pairs of plane parallel
surfaces and free from scratches, pits, and sink marks. The
specimens shall be checked for compliance with these require-
ments by visual observation agains! straightedges, squares, and
flat plates, and by measuring with micrometer calipers. Any
specimen showing observable or measurable departure from
one or more of these requirements shall be rejected or
machined to the proper size and shape before testing,

Note 11—A specimen that has a slight twist to its notched face of 0.05
mm (0.002 in.) at the point of contact with the pendulum striking edge will
be likely to have a charactenistic fracture surface with considerable greater
fracture area than fop@normal break. In this case the energy to break and
toss the broken section’may be considerably larger (20 to 30 %) than for
a normal break. A tapered specimen may require more energy to bend it
in the vise before fracture.

8. Notching Test Specimens

8.1 Notching shall be done on a milling machine, engine
lathe, or other suitable machine tool. Both the feed speed and
the cutter speed shall be constant throughout the notching
operation (see Note 12). Provision for cooling the specimen
with either a liquid or gas coolant is recommended. A single-
tooth cutter shall be used for notching the specimen, unless
notches of an equivalent quality can be produced with a
multi-tooth cutter. Single-tooth cutters are preferred because of
the case of grinding the cutter to the specimen contour and
because of the smoother cut on the specimen. The cutting edge
shall be carefully ground and honed to ensure sharpness and
freedom from nicks and burrs. Tools with no rake and a work
relief angle of 15 to 20° have been found satisfactory.

Nore 12—For some thermoplastics, cutter speeds from 53 to 150
mi/min {175 to 490 ft/min) at a feed speed of 89 to 160 mm/min (3.5 10 6.3
in./min) without a water coolant or the same cutter speeds at a feed speed

of from 36 to 160 mm/min (1.4 to 6.3 in/min) with water coolant
produced suitable notches,

8.2 Specimens may be notched separately or in a group.
However, in cither case an unnotched backup or “dummy bar”
shall be placed behind the last specimen in the sample holder
to prevent distortion and chipping by the cutter as it exits from
the last test specimen.

8.3 The profile of the cutting tooth or teeth shall be such as
to produce a notch of the contour and depth in the test
specimen as specified in Fig. 5 (see Note 13). The included
angle of the notch shall be 45 * 1° with a radius of curvature
at the apex of 0.25 £ 0.05 mm (0.010 % 0.002 in.). The plane
bisecting the notch angle shall be perpendicular to the face of
the test specimen within 2°,

Note 13—There is evidence that notches in materials of widely varying
physical dimensions may differ in contour even when using the same
cutter. I the notch in the specimen should take the contour of the cutter,
then the contour of the tip of the cutter may be checked instead of the
notch in the specimen for single-tooth cutters. Under the same condition,
multi-tooth cutters may be checked by measuring the contour of a strip of
soft metal shim inserted between two specimens for notching,

84 The depth of the plastic material remaining in the
specimen under the notch shall be 10.20 = 0.05 mm (0.400 =
0.002 in.). This dimension shall be measured, with a microme-
ter or other suitable measuring device. (See Fig. 6.)

8.5 Cutter speed and feed speed should be chosen appropri-
ate for the material being tested since the quality of the notch
may be adversely affected by thermal deformations and
stresses induced during the cutting operation if proper condi-
tions are not sleeted.” The notching parameters used shall not
alter the physical state of the material such as by raising the
temperature of a thermoplastic above its glass transition
temperature. In general, high cutter speeds, slow feed rates, and
lack of coolant induce more thermal damage than a slow cutter
speed, fast feed speed, and the use of a coolant. Too high a feed
speed/cutter speed ratio, however, may cause impacting and
cracking of the specimen. The range of cutter speed/feed ratios
possible to produce acceptable noiches can be extended by the
use of a suitable coolant. (See Note 14.) In the case of new
types of plastics, it is necessary to study the effect of variations
in the notching conditions, {See Note 15.)

Nom: 14—Water or eompressed gas 15 a suitable coolant for many
plasties.

Note 15—Embedded thermocouples, or another temperature measur-
ing device, can be used to determine the temperature rise in the material
near the apex of the noich during machining, Thermal stresses induced
during the notching operation can be observed in transparent materials by
viewing the specimen at low magnification between crossed polars in
monochromatic light.

8.6 The specimen notch produced by each cutter will be
examined, at a minimum, afler every 500 notches. The notch in
the specimen, made of the material to be tested, shall be
inspected and verified. One procedure for the inspection and
verification of the notch is presented in Appendix X1. Each
type of material being notched must be inspected and verified

" Supporting data are available from ASTM Headquarters. Request RR: D20-
1066
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FIG. 6 Early (ca. 1970} Version of a Notch-Depth Micrometer

at that time, If the angle or radius does not fall within the
specified limits for materials of satisfactory machining charac-
teristics, then the cutter shall be replaced with a newly
sharpened and honed one. (See Note 16.)

Nore 16—A carbide-tipped or industrial diamond-tipped notching
cutter is recommended for longer service life.
9. Conditioning

9.1 Conditioning—Condition the fest specimens at 23 *
2°C (73 * 3.6°F) and 50 * § % relative humidity for not less
than 40 h after notching and prior to testing in accordance with

Procedure A of Practice D 618, unless it can be documented
(between supplier and customer) that a shorter conditioning
time 1s sufficient for a given material to reach equilibrium of
impact resistance.

9.1.1 Note that for some hygroscopic materials, such as
nylons, the material specifications (for example, Specification
D 4066) call for testing “dry as-molded specimens.” Such
requirements take precedence over the above routine precon-
ditioning to 50 % relative humidity and require sealing the
specimens in water vapor-impermeable conlainers as soon as
molded and not removing them until ready for testing.
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9.2 Test Conditions—Conduct tests in the standard labora-
tory atmosphere of 23 = 2°C (73 = 3.6°F) and 50 = 5%
relative humidity, unless otherwise specified in the material
specification or by customer requirements. In cases of dis-
agreement, the tolerances shall be =1°C (= 1.8°F) and = 2%
relative humidity.

10. Procedure

10.1 At least five and preferably ten or more individual
determinations of impact resistance must be made on each
sample to be tested under the conditions prescribed in Section
9. Each group shall consist of specimens with the same
nominal width (=0.13 mm (20.005 in.)). In the case of
specimens cut from sheets that are suspected of being aniso-
tropic, prepare and test specimens from each principal direc-
tion (lengthwise and crosswise to the direction of anisotropy).

10.2 Estimate the breaking energy for the specimen and
select a pendulum of suitable energy. Use the lightest standard
pendulum that is expected to break each specimen in the group
with a loss of not more than 85 % of its energy (see Note 17).
Check the machine with the proper pendulum in place for
conformity with the requirements of Section 6 before starting
the tests. (See Appendix X1.)

Note 17—Ideally an impact test would be conducted at a constant test
velocity. In a pendulum-type test, the velocity decreases as the frachure
progresses. For specimens that have an impact energy approaching the
capacity of the pendulum there is insufficient energy to complete the break
and toss. By avoiding the higher 15 % scale energy readings, the velocity
of the pendulum will not be reduced below 1.3 m/s (4.4 fv's). On'the other
hand, the use of too heavy a pendulum would reduce the sensitivity of the
reading.

10.3 If the machine is equipped with a mechanical pointer
and dial, perform the following operations before testing the
specimens:

10.3.1 With the excess energy indicating pointer in its
normal starting position but without a specimen in the vise,
release the pendulum from its normal starting position and note
the position the pointer attains after the swing as one reading of
Factor 4.

10.3.2 Without resetting the pointer, raise the pendulum and
release again. The pointer should move up the scale an
additional amount. Repeat (10.3.:2) until a swing causes no
additional movement of the pointer and note the final reading
as one reading of Factor B (see Note 18).

10.3.3 Repeat the preceding (wo operations several times
and calculate and record the average 4 and B readings.

Nore 18—Factor B is an indication of the energy lost by the pendulum
1o friction in the pendulum t and to windage. The difference 4 - 8
is an indication of the energy lost to friction and inertia in the excess
energy indicating mechanism. However, the actual corrections will be
smaller than these factors, since in an actual test the energy absorbed by
the specimen prevents the pendulum from making a full swing. Therefore,
the indicated breaking energy of the specimen must be included in the
calculation of the machine correction before determining the breaking
energy of the specimen (see 10.7), The 4 and B values also provide an
indication of the condition of the machine.

10.3.4 If excessive friction is indicated, the machine shall be
adjusted before starting a test, If the machine is equipped with
a digital energy indicating system, follow the manufacturer’s
instructions to correct for windage and friction. If excessive

friction is indicated, the machine shall be adjusted before
starting a fest.

104 Check the specimens for conformity with the require-
ments of Sections 7, &, and 10.1.

10.5 Measure the width and depth to the nearest 0.025 mm
(0.001 in.) after notching of each specimen. Measure the width
in the region of the notch. A micrometer or other measuring
device is necessary for measuring the depth. (See Fig. 6.)

10.6 Position the specimen precisely (sec 6.7) so that it is
rigidly, but not too tightly (see Note 9), clamped in the vise.
Pay special attention to ensure that the “impacted end” of the
specimen as shown and dimensioned in Fig. 5 is the end
projecting above the vise. Release the pendulum and record the
excess energy remaining in the pendulum after breaking the
specimen, together with a description of the appearance of the
broken specimen (see failure categories in 5.8).

10.7 Subtract the windage and friction correction from the
indicated breaking energy of the specimen, unless determined
automatically by the indicating system (that is, digital display
or computer), If'a mechanical dial and pointer is employed, use
the 4 and B factors and the appropriate tables or the graph
described in Annex Al and Annex A2 to determine the
correction. For those digital systems that do not automatically
compensate for windage and friction, follow the manufactur-
er's procedure for performing this correction.

10.7.1 In other words, either manually or automatically, the
windage and friction correction value is subtracted from the
uncorrected, indicated breaking energy to obtain the new
breaking energy. Compare the net value so found with the
energy requirement of the hammer specified in 10.2. If a
hammer of improper energy was used, discard the result and
make additional tests on new specimens with the proper
hammer. (See Annex Al and Annex A2.)

10.8 Divide the net value found in 10.7 by the measured
width of the particular specimen to obtain the impact resistance
under the notch in Jm (ft-Ibf/in.). If the optional units of kIim?
(ft1bf/in.%) are used, divide the net value found in 10.7 by the
measured width and depth under-the notch of the particular
specimen to obtain the impact siength. The term, “depth under
the notch,” is graphically represented by Dimension A in Fig.
5. Consequently, the cross-seetional area (width times depth
under the noteh) will need to be reported. (See Appendix X5.)

10,9 Caleulate the average lzod impact resistance of the
group of specimens. However, only values of specimens
having the same nominal width and type of break may be
averaged. Values obtained from specimens that did not break in
the manner specified in 5.8 shall not be included in the average.
Also calculate the standard deviation of the group of values.

11. Report

11.1 Report the following information:

11.1.1 The test method used (Test Method A, C, D, or E),

11.1.2 Complete identification of the material tested, includ-
ing type source, manufacturer’s code number, and previous
history,

11.1.3 A statement of how the specimens were prepared, the
testing conditions used, the number of hours the specimens
were conditioned after notching, and, for sheet materials, the
direction of testing with respect to anisotropy, if any,
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11.1.4 The capacity of the pendulum in joules, or foot
pound-force, or inch pound-force,

11.1.5 The width and depth under the notch of each speci-
men tested (see 5.6),

11.1.6 The total number of specimens tested per sample of
material,

11.1.7 The type of failure (see 5.8).

11.1.8 The impact resistance must be reported in Jim
(ftIbfin.); the optional units of ki/m? (ft-Ibffin.%) may also be
required (sce 10.8),

11.1.9 The number of those specimens that resulted in
failures which conforms to each of the requirement categories
in 5.8,

11.1.10 The average impact resistance and standard devia-
tion (in Jm (ftIbflin.)) for those specimens in each failure
category, excepl non-break as presented in 5.8, Optional units
(kIim’ {ﬂ'lbﬁ'in.:]] may also need to be reported (see Appendix
X5), and

11.1.11 The percent of specimens failing in each category
suffixed by the corresponding letter code from 5.8,

TEST METHOD C—CANTILEVER BEAM TEST FOR
MATERIALS OF LESS THAN 27 J/m (0.5 ftbf/in.)

12. Apparatus
12.1 The apparatus shall be the same as specified in Section
6.

13. Test Specimens

13.1 The test specimens shall be the same as specified in
Section 7.

14. Notching Test Specimens

14.1 Notching test specimens shall be the same as specified
in Section 8.

15. Conditioning

15.1 Specimen conditioning and test environment shall be
in accordance with Section 9.

16. Procedure

16.1 The procedure shall be the same as in Section 10 with
the addition of a procedure for estimating the energy fo toss the
broken specimen part.

16.1.1 Make an estimate of the magnitude of the energy to
toss each different type of material and each different specimen
size (width). This is done by repositioning the free end of the
broken specimen on the clamped portion and striking it a
second time with the pendulum released in such a way as o
impart to the specimen approximately the same velocity it had
attained during the test. This is done by releasing the pendulum
from a height corresponding to that to which it rose following
the breakage of the test specimen. The energy to toss is then
considered to be the difference between the reading previously
described and the free swing reading obtained from this height.
A reproducible method of starting the pendulum from the
proper height must be devised.

17. Report
17.1 Report the following information:

17.1.1 Same as 11.1.1,

17.1.2 Same as 11.1.2,

17.1.3 Same as 11.1.3,

17.1.4 Same as 11.1.4,

17.1.5 Same as 11.1.5,

17.1.6 Same as 11.1.6,

17.1.7 The average reversed notch impact resistance, J/im
(fi-lbffin.) (see 5.8 for failure categories),

17.1.8 Same as 11.1.8,

17.1.9 Same as 11.1.9,

17.1.10 Same as 11.1.10, and

17.1.11 Same as 11.1.11.

17.1.12 The estimated toss correction, expressed in terms of
joule (T} or foot pound-force (fi-Ibf).

17.1.13 The difference between the Tzod impact energy and
the toss correction energy is the net Tzod energy. This value is
divided by the specimen width (at the base of notch) to obtain
the net Izod impact resistance for the report.

TEST METHOD D—NOTCH RADIUS SENSITIVITY
TEST

18, Apparatus

18,1 The apparatus shall be the same as specified in Section
6.

19, Test Specimens

19.1 The test specimens shall be the same as specified in
Section 7. All specimens must be of the same nominal width,
preferably 6.4-mm (0.25-in.).

20. Notching Test Specimens

20.1 Notching shall be done as specified in Section 8 and
Fig. 5, except those ten specimens shall be notched with a
radius of 0.25 mm (0.010 in.) and ten specimens with a radius
of 1.0 mm (0.040 in.),

21. Conditioning

21.1 Specimen conditioning and test environment shall be
in accordance with Section 9,

22, Procedure

22.1 Proceed in accordance with Section 10, testing ten
specimens of each notch radius.

22.2 The average impact resistance of each group shall be
calculated, except that within each group the type of break
must be homogeneously C, I, C and H, or P.

22.3 If the specimens with the 0.25-mm (0.010-in.) radius
notch do not break, the test is not applicable.

224 11 any of ten specimens tested with the 1.0-mm
(0.040-in.) radius notch fail as in category NB, non-break, the
notch sensitivity procedure cannot be used without obtaining
additional data. A new set of specimens should be prepared
from the same sample, using a 0.50-mm (0.020-in.) notch
radius and the procedure of 22.1 and 22.2 repeated.

23. Calculation

23.1 Calculate the slope of the line connecting the values for
impact resistance for 0.25 and 1.0-mm notch radii (or 0.010
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and 0.040-in. notch radii) by the equation presented as follows.
(If a 0.500-mm (0.020-in.) notch radius is substituted, adjust
the calculation accordingly.)

b=(Ey = E,)(Ry = R,)
where:
E, = average impact resistance for the larger notch, J/m of
notch,
£, = average impact resistance for the smaller notch, J/im
of notch,
R, = radius of the larger notch, mm, and
R, = radius of the smaller notch, mm.
Example:
Eyy = 33095 im; E; 55 = 138.78 I'm
b= (330.95 = 138.78 J'm)/(1.00 — 0.25 mm)
b= 19217 Jim (.75 mm
=256.23 Jim
of notch per mm of radius
24. Report

24.1 Report the following information:

24.1.1 Same as 11.1.1,

24.1.2 Same as 11.1.2,

24.1.3 Same as 11.1.3,

24.1.4 Same as 11.1.4,

24.1.5 Same as 11.1.5,

24.1.6 Same as 11.1.6,

24.1.7 The average reversed notch impact resistance, in J/im
(fi-Ibflin.) (see 5.8 for failure categories),

24.1.8 Same as 11.1.8,

24.1.9 Same as 11.1.9,

24.1.10 Same as 11.1.10, and

24.1.11 Same as 11.1.11.

24.1.12 Report the average value of b with its units, and the
average lzod impact resistance for a 0.25-mm (0.010-in.)
notch.

TEST METHOD E—CANTILEVER BEAM REVERSED
NOTCH TEST

25, Apparatus

25.1 The apparatus shall be the same-as specified in Section
f.
26. Test Specimens

26.1 The test specimen shall be the same as specified in
Section 7.
27. Notching Test Specimens

27.1 Notch the test specimens in accordance with Section 8.

28. Conditioning

28.1 Specimen conditioning and test environment shall be
in accordance with Section 9.
29. Procedure

29.1 Proceed in accordance with Section 10, except clamp
the specimen so that the striker impacts it on the face opposite
the notch, hence subjecting the notch to compressive rather

than tensile stresses during impact (see Fig. 2 and Note 19,
Note 20, and Note 21).

Nott 19—The reversed notch test employs a standard 0.25-mm (0.010-
in.} notch specimen to provide an indication of unnotched impact
resistance. Use of the reversed notch test obviates the need for machining
unnotched specimens to the required 10.2 = 0.05-mm (0,400 = 0.002-in.)
depth before testing and p the same ¢ ience of specimen
mounting as the standard notch tests (Test Methods A and C).

Note: 20—Results obtained by the reversed notch test may not always
agree with those obtained on unnotched bars that have been machined to
the 10.2-mm (0.400-in.) depth requirement. For some materials, the
effects arising from the difference in the clamped masses of the two
specimen types during test, and those attributable to a possible difference
in toss energies ascribed 1o the broken ends of the respective specimens,
may contribute significantly to a disparity in test results.

Nore 21—Where materials are suspected of anisotropy, due to molding
or other fabricating influences, notch reversed notch specimens on the face
opposite to that used for the standard Tzod test; that is, present the same
face to the impact blow.

30, Report

30.1 Report the following information:

30.1.1 Same as 11.1.1,

30.1.2 Same as 11.1.2,

30.1.3 Same as 11.1.3,

30.1.4 Same as 11.1.4,

30.1.5 Same as 11.1.5,

30.1.6 Same as 11.1.6,

30.1.7 The average reversed notch impact resistance, J/m
{ft-Ibf/in.) (see 5.8 for failure categories),

30.1.8 Same as 11.1.8,

30.1.9 Same as 11.1.9,

30.1.10 Same as 11.1.10, and

30.1.11 Same as 1L.1.11.

31, Precision and Bias

31.1 Table | and Table 2 are based on a round robin'® in
accordance with Practice E 691. For each material, all the test
bars were prepared at one source, except for notching. Each
participating laboratory notched the bars that they tested. Table
| and Table 2 are presented on‘the basis of a test result being
the average for five spegimens. In the round robin each
laboratory tested, on-average, nine specimens of each material.

31.2 Table 3 is based on a round robin® involving five
materials tested by seven laboratories. For each material, all the
samples were prepared at one source, and the individual
specimens were all notched at the same laboratory. Table 3 is
presented on the basis of a test result being the average for five
specimens. In the round robin, each laboratory tested ten
specimens of each matenial. (See Note 22.)

Note 22—Caution: The following explanations of [and [, (see 31.3-
31.3.3) arc only Jed to present a meaningful way of considering the
precision of this test method. The data in Tables 1-3 should not be
rigorously applied to acceptance or rejection of material, as those data are
specific to the round robin and may not be representative of other lots,
conditions, materials, or laboratories. Users of this test method should
apply the principles outlined in Practice E 691 to generate data specific to

" Supporting data are available from ASTM Headquarters, Request RR; D20-
1034,
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TABLE 1 Precision Data, Test Method E—Reversed Notch lzod

Note |—Values in fi-lbffin. of width {J/'m of width).
Nore 2—See Footnote 10.

MNumber of
A L] c o
Material Average §; Sq A Ig Labtcaloiak
Phenalic 0.57 (30.4) 0.024 (1.3) 0.076 (4.1) 0.06(3.2) 0.21(11.2) 19
Acetal 145 (77.4) 0.075 (4.0) 0.604 (32.3) 0.21 (11.2) 1.70 (80.8) 9
Reinforced nylon 1.98 (105.7) 0.083 (4.4) 0.245 {(13.1) 0.23(12.3) 0,69 (36.8) 15
Palypropylene 266 (142.0) 0.154 (8.2) 0.573 (30.8) 0.43 (23.0) 1,62 (86.5) 24
ABS 10.80 (576.7) 0.136 (7.3) 0.585 (31.2) 0.38 (20.3) 1,65 (88.1) 25
Polycarbonate 16.40 (875.8) 0.295 (15.8) 1.056 (56.4) 0.83 (44.3) 298 (159.1) 25

A 8, = within-laboratory standard deviation of the average

B S = between-laboratories standard deviation of the average,

€l,=283 8.

0o =283 S

TABLE 2 Precision Data, Test Method C—Reversed Notch lzod
Note 1—Values in filbifin. of width (J'm of width)
Nore 2—8ee Footnote 10,
Material Average sA S8 1 12 bl

Phenolic 0.45 (24.0) 0.038 (2.0 0.129 (6.9) 0.10 {5.3) 0.35 (19.2) 16

A 5, = within-laboratory standard deviation of the average,

¥ Sq = between-laboralories slandard deviation of the average.

=288

0. =283 8,

TABLE 3 Precision Data, Test Method E—Reversed Notch lzod
Nore 1—Values in fiIbffin. of width (J'm of width)
Note: 2—Sec Footnote 8.
Material Average s 54 (A W2

Acrylic sheel, unmodified 3.02 (161.3) 0.243 (13.0) 0.525 (28.0) 0.68 (36.3) 0.71(37.9)
Premix molding compounds laminate 6.1 (326.3) 0.767 (41.0) 0.786 (42.0) 217 (115.9) 222 (118.5)
acrylic, injection molded 10.33 (551.6) 0.878 (46.9) 1.276 (68.1) 2,49 (133.0) 3.61(192.8)
compound (SMC) laminate 11.00 (587.4) 0.719 (38.4) 0.785 (41.9) 2,03 (108.4) 222 (1185)
Preformed mat laminate 19.43 (1037.6) 0.960 (51.3) 1.618 (86.4) 272 (145.2) 4.58 (244.8)

48 = within-\

a atory standard deviation of the average

# 5, = batween-laboratories standard deviation of the average.
=288

Plo=283 8,

their laboratory and ‘materials, or between specific laboratories. The
principles of 31.3-31.3.3 would then be valid for such data.

31.3 Concept of I, and [g=—ES, and S, have been calculated
from a large enough body of data,and for test results that were
averages from testing five specimens

31.3.1 Repeatability, I, (Comparing Two Test Results for the
Same Material, Obtained by the Same Operator Using the
Same Equipment on the Same Day)—The two test results
should be judged not equivalent if they differ by more than the
I_value for that material.

31.3.2 Reproducibility, Iy (Comparing Two Test Results for
the Same Material, Obtained by Different Operators Using
Different Equipment on Different Days)—The two test results
should be judged not equivalent if they differ by more than the
I, value for that material,

31.33 Any judgment in accordance with 31.3.1 and 31.3.2
would have an approximate 95 % (0.95) probability of being
correct.

314 Bias—There is no recognized standards by which to
estintate bias of these test methods.

Nore 23—Numerous changes have occurred since the collection of the
original round-robin data in 1973."" Consequently, a new task group has
been formed to evaluate a precision and bias statement for the latest
revision of these test methods.

32. Keywords

32.1 impact resistance; lzod impact; notch sensitivity;
notched specimen; reverse notch impact
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Abstract

In this work, graphite was used as a filler material for ultra- high melecular
weight polyethylene (UHMWPE) to prepare graphite/ UHMWPE comp osites
for a potential alternative tibia insert for total knee replacement, because
graphite has been shown to have excellent solid lubrication and
biocompatibility. Graphite powder was blended with 5, 10, 20,30, and 40 wt%
into the UHMWPE matrix. Then, it was compression molded at 250°C for 30
minutes under a pressure of 10 MPa. The mechanical and tribological
properties, and the coefficient of the friction of the composite samples were
investigated. As the results show, the highest hardness (Shore D) of 62.31, the
highest impact strength of 78.51 kJ/m?, and the highest coefficient of friction
were obtained with Swt% graphite, while the lowest coefficient of friction was
obtained with 20 wt%  graphite. It can be concluded that the
graphite/ UHMWPE biocomposites displayed a remarkable combination of
enhanced mechanical properties such as hardness, wear resistance, impact
strength, and coefficient of friction making the composites attractive potential
candidates as a tibia insert for artificial joints in the human body.

Keywords: Ultra-high molecular weight polyethylene (UHMWPE), graphite,
biocomposites, mechanical properties

Introduction

Ultra- high molecular weight polyethylene ( UHMWPE) is one of the best
engineering thermoplastics that possesses high impact strength, low friction
coefficiency, good biocompatibility, high chemical inertness, and the highest wear
resistance as compared with other thermoplastics due to its long chain entanglement
(Budinski, 1997). For many years, it has been an established material for application
as a component of artificial joint replacement in prosthetic joints that can replace
human joints degraded by severe arthritis or injuries. Despite its exceptional
properties, wear problems that occur after certain service periods still remain as the
main challenge. The production of wear debris will cause adverse effects to the




human body’s system which subsequently leads to osteolysis and aseptic loosening
of the implant. On this subject matter, it is imperative for research to be carried out
in polymer tribology in order to reduce the wear rate of UHMWPE components in
artificial joint replacements. There are several methods that have been attempted
and studied by researchers in order to improve the tribological properties of
UHMWPE. To enhance the performance of UHMWPE in terms of reducing its
wear rate and wear particle generation, attempts have been made to improve the
lifespan ofthe component. For example, the Hymaler, a high crystalline UHMWPE
(with 73.2% crystallinity) was identified as a potential material for arthroplasty
application, since this material presents a high resistance to fatigue and creep
propagation. However, it 1s susceptible to oxidation related degradation, which
affects its clinical performance (Bacna et al.,2015). This material was replaced by
Maraton crosslinked UHMWPE in 1997 (Shi et al.,2004). In regard to a UHMWPE
composite, it also has been considered as a potential alternative to improve the wear
performance of artificial joints, The UHMWPE reinforced with carbon fibers (CFR-
UHMWPE), named Poly II, was used in orthopedic implants in the 1970s. This
composite was discontinued due to evidence of reduced crack resistance, rupture of
the fibers on the surface, and other issues (Pearle er al., 2005). Lahiri et al., (2014)
evaluated the evolution of the wear resistance at the nano-scale by scratching the
UHMWPE- GNP composite at different graphene nanoplatelet ( GNP)
concentrations (0.1,0.5,and 1.0 wt%) and using 3 different loads (100,200, and
300 pN) (Lahiri er al., 2014; Baena et al., 2015).

Recently, graphite-filled polymeric materials have been discussed in
tribological research in many published articles (Wang et al., 2010; Zovani ef al.,
2010). The use of graphite as a filler matenial is known to ameliorate the tribological
behavior of polymer matrix composites (Suresha et al., 2007). Difallah et al,
(2012) evaluated the evolution of the addition of a small amount of graphite which
improves the friction behavior and the anti-wear abilities of the acrvlonitrile
butadiene styrene (ABS) polymer. Graphite strengthens the wear resistance of ABS
composites and effectively reduces the adhesive and plowing wear and enhances
the formation of a third body with better quality on the sliding stripe. A composite
filled with 7.5 wt% graphite corresponds to the best friction and wear abilities
(Difallah et al., 2012).

The present study focuses on the improvement of the mechanical properties
of UHMWPE such as wear resistance, the coefficient of friction, hardness, and
tmpact strength by the addition of graplute as a filler. Graphite has solid lubrication,
biocompatibility, high temperature stability, a low coefficient of friction under high
loads, excellent thermal shock resistance, and high chemical resistance.

Materials and Methods

Commercially available UHMWPE powder with a mean diameter of 170 pm (IRPC
Public Company Limited, Rayong, Thailand) (0.94 g/em’ density) was used as the
matrix. Graphite powder with a mean diameter of 80 um was used as the filler. The
graphite particles were mixed in the UHMWPE with § to 40 wi% with a dry powder

mixer. Composites were formed by using a hot compression molding machine with

(=1




the pressure at 10 MPa at a temperature of 250°C for 30 minutes. The hardness of
the composite samples was measured by means of a hardness tester (Heinrich
Bareiss Priifgeritebau GmbH, Oberdischingen, Germany) with Shore hardness
type-D. The study of the friction behavior was performed using a Param MXD-02
coefficient of friction tester (Labthink Instruments Co., Ltd., Jinan, China) .
Rectangle-shaped specimens were 64 mm long, 4 mm thick, and 39 mm wide, and
the contact area was 39 mm » 64 mm in the abrasion wear test. The specimens were
slid onto a S1C paper P800 (R, ~120 nm) and the abrasive was of a median diameter
of 25.8 microns. The normal load was 14.71 N for 5 minutes/sample. The study of
the impact strength was measured using the Izod mode with an Instron CEAST
9050 (Dlinois Tool Works Inc., Norwood, MD, USA) at room temperature using
the impact pendulum with an impact energy of 22 joules for the notched specimen.
The microstructure of the composite samples was observed by means of a JEOL-
ISM-6010LV scanning electron microscope (SEM) (JEOL Ltd., Tokyo, Japan).
The section of the samples was cut under liquid nitrogen as a coolant.

Results and Discussion

The work reports the results of systemic studies ofthe mechanics and characteristics
of the coefficient of friction, impact strength, hardness, and wear resistance of the
graphite/UHMWPE composites.

Figure 1 shows the hardness of the graphite/ UHMWPE composites with
different amounts of graphite. The highest hardness was obtained with 5 wit% of
graphite filler, an increase of 0.16% in comparison with ordinary UHMWPE. At
the higher graphite content (> 5 to 30 wt%), there was a decrease in hardness due
to the decreasing of the UHMWPE matrix as the binding phase. Nevertheless, with
a large amount of 40 wi%, the graphite content could not be tested due to the
brittleness of the sample.

Figure 2 presents the coefficient of friction of the UHMWPE composites
with different amounts of graphite. It can be seen that the increased graphite content
reduced the friction coefficient. The 20 wi% of graphite showed the lowest friction
coefficient due to the self-lubricating ability of the graphite which easily causes
interlayer shearing, whereas its high in-plane strength resists its total disintegration
and thus keeps the lubrication long-lasting and effective. Corresponding to the work
of Difallah ef al. (2012), the addition of graphite in the ABS matrix exhibits a lower
cocfficient of friction and the best coefficient of friction was obtained with 7.5 wi%
of graphite.

Figure 3 presents the weight loss of the UHMWPE composites with
different amounts of graphite. The composite with a § wt% of the graphite showed
the lowest weight loss because the 5 wi% of graphite addition could reduce the
transmission of shear stresses throughout the bulk sample. However, by increasing
the graphite content over 5 wi%, the weight loss was increased as compared to pure
UHMWPE due to the fact that the crosslinking reduces the distance between the
folds caused by decreased polymer chain mobility and, compared with the behavior
of UHMWPE reinforced with a graphene nanoplatelet (GNP) content from 0.1 to 1




wt%, it also increases the wear resistance (Lahiri et.al., 2014). Finally, the 40 wt%
of the graphite content could not be tested due to the brittleness of the sample.

Figure 4 presents the impact strength of the UHMWPE composites with
different amounts of graphite. The highest impact strength, obtained with 5 wt%
graphite addition, is 16.4% higher than that of the UHMWPE. However, in
increasing the graphite content over 5 wt%, cracks were able to propagate through
weak points within the large particle agglomerations, while decreasing the polymer
matrix in the composites leads to the brittleness of the sample and also the poor
dispersion of particles in the composites; this creates a path of weak regions within
the polymer matrix. When the polymer is cyclically loaded, fatigue cracks can
quickly propagate around the boundaries of the graphite particles, creating
separated regions which can deform more freely and independently of each other
(Plumlee, 2008).

Characterization of the SEM

Scanning electron images were compared to reveal the distribution of
eraphite particles within the matrix, as seenin Figures 5 and 6. The images revealed
that the graphite particles accumulated in long veins that ran through the entirety of
the samples. This can be explained by the difference in particle size between the
graphite and the UHMWPE during the mixing state. This causes the graphite
particles of 80 pm to gather in the empty regions between the larger UHMWPE
particles of 170 pum while the groupings were caused by the particle geometries; the
graphite particles did not appear to naturally agglomerate together even when in
close proximity, suggesting that dispersion could be improved by simply altering
the mitial particle size of the UHMWPE powder, with a diameter ratio of 1:1,
resulting in the most uniform distribution (Plumlee, 2008).

The 5 wt% of the graplute/UHMWPE composites, as seen in Figures 5(b)
and 6(h), showed that individual graphite particles appear to be fully encompassed
by the UHMWPE. It confirmed that the melted UHMWPE was able to flow around
the graphite particles during the molding process leading to 0.16% of hardness and
16.14% of impact strength increasing in comparison with the UHMWPE.

At the higher graphite content of over 5 wt%, the results in Figures 5 and 6
showed that, in the regions between the UHMWPE powder particles, many graphite
particles accumulated. The extremely small crevices between these closely packed
particles, along with the high melt viscosity ofthe UHMWPE, lead to voids where
the melted polymer could not penetrate (Plumlee. 2008).

Conclusions

The addition of graphite could reduce the coefficient of friction of the UHMWPE.
The 20 wt% of the graphite exhibited the lowest coefficient of friction as compared
to the UHMWPE. A decrease in the coefficient of friction is possibly due to the
decrease in shear strength. 5 wt% of the graphite/UHMWPE composites exhibited
the lowest %oweight loss, creating an increase of 0.16% of hardness and 16.14% of
impact strength in comparison with the UHMWPE. For the most uniform
dispersion, the UHMWPE particle size should be equal to the graphite particle size,




and the results showed that the addition of graphite could improve the friction
behavior and the anti-wear ability of the UHMWPE to yield longer performance of
a tibia insert.
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Figure 1. Variations of hardness as a function of graphite addition.
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Figure 2. Variations of the coefficient of friction as a function of graphite addition.
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Figure 5. SEM images (magnification = 500x, bar = 50 um) of the surfaces of unfilled
and filled graphite composites:
. (A) UHMWPE

(B)5% Graphite

(C) 10% Graphite

(D) 20% Graphite

(E) 30% Graphite

(F) 40% Graphite




Figure 6, SEM images (magnification = 3000x, bar = 5 pum) of the surfaces of unfilled

and filled graphite compuosites:

~(G) UHMWPE

. (Hy5% Graphite
(T)*10% Graphite
(J) 20% Graphite
(K) 30% Graphite
(L) 40% Graphite
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