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INTERNATIONAL

Standard Test Method for
In Situ Determination of Network Parameters of Crosslinked
Ultra High Molecular Weight Polyethylene (UHMWPE) 1!

This standard is issued under the fixed designation F 2214; the number immediately following the designation indicates the year of
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 epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope 3.1.2 molecular weight between crosslinks Mthe theo-

1.1 This test method describes how the crosslink density€tical average molecular weight between crosslinks [g/mol].
molecular weight between crosslinks, and number of repeat 3:1.3 swell ratio, g—the ratio of the volume of the sample
units between crosslinks in ultra-high molecular weight poly-in an equilibrium swollen state to its volume in the unswollen
ethylene (UHMWPE) crosslinked by ionizing radiation or by State.
chemical means can be determined by measuring the swellin@ Summary of Test Method
ratio of samples immersed in o-xylene. Examples of experi-"

mental techniques used to make these measurements aréh-l The height of a cubic specimen is measured, and the
discussed herein. specimen is placed in a dry chamber. A selected solvent is

1.2 The test method reported here measures the changeﬁHose” according to the Flory netwgrk theory and is introduced
height of a sample specimen while it is immersed in thelnto the chamber. The char_nber_ is he_ated to the refe_rence
solvent. Volumetric swell ratios assume that the sample i§&€mperature. The sample height is monitored as a function of
crosslinked isotropically, and that the change in dimension wilfimé until steady state (equilibrium) is achieved. The swell
be uniform in all directions. This technique avoids uncertainty/@tio is calculated from the final steady state (equilibrium)
induced by solvent evaporation or temperature change. height and the initial height.

1.3 Sl units are to be regarded as the standard. P
1.4 This standard does not purport to address all of the5' Slgnlﬁ_cance and Use_ . o
safety concerns, if any, associated with its use. It is the 5.1 This test method_ls Qes[gned to p_roduce data |nd|c_at|ve
responsibility of the user of this standard to establish appro-° the degree of crosslinking in ultra high molecular weight
priate safety and health practices and determine the applicaPolyéthylene that has been crosslinked chemically or by

bility of regulatory limitations prior to use. ionizing radiation. o
5.2 The results are sensitive to the test temperature, solvent,

2. Referenced Documents and method used. For the comparison of data between institu-
2.1 ASTM Standards: tions, care must be taken to have the same test conditions and
D 2765 Test Methods for Determination of Gel Content and'®2gents. o _

Swell Ratio of Crosslinked Ethylene Plasfics 5.3 The data can be used for dose uniformity analysis,
E 691 Practice for Conducting an Interlaboratory Study tolundamental research, and quality assurance testing.

Determine the Precision of a Test Metfod 6. Apparatus

3. Terminology 6.1 The apparatus shall include any device that allows a
3.1 Definitions of Terms Specific to This Standard: non-invasive measurement of the change in one dimension of
3.1.1 crosslink densityy,—the theoretical average number the sample as it swells in the solvent. This measurement could

of crosslinks per unit volume [mol/dh include, but is not limited to: _ _
6.1.1 Mechanical measurements, such as linear variable

- displacement transducers (LVDTSs).
1 This test method is under the jurisdiction of ASTM Committee FO4 on Medical  6.1.1.1 If a mechanical probe is used, it must be constructed
and Surgical Materials and Devicesand is the direct responsibility of Subcommitteef a material that exhibits little thermal expansion, such as

FO04.150n Material Test Methods. :
Current edition approved Nov. 10, 2002. Published January 2003. quartz or ce_ramlc. .
2 Annual Book of ASTM Standardéol 08.02 6.1.2 Optical measurements, such as cameras or laser mi-
2 Annual Book of ASTM Standardgol 14.02 crometers.
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6.1.2.1 Optical measurements should be insensitive to anfume hood, or vented with an elephant trunk should space
refractive index changes in the UHMWPE sample, given theconsiderations be an issue. Do not inhale the o-xylene vapors,
changing temperature of the system. as dizziness or a headache could result.

6.1.3 Inductive measurements, such as proximity sensors. 8.2 Irganox 1010, the antioxidant, is identified by the
Inductive measurements must be insensitive to temperature aranufacturer as an irritant and an inhalation hazard.
solvent composition. ]

6.2 The sensitivity of the measurement shall be 1 % of thé- Test Specimens
initial height of the sampleH,. An uncertainty analysis has 9.1 At least three specimens with a minimum sample height
demonstrated that this sensitivity will produce a relative errorf 500 pm should be machined. The top and bottom surfaces
in crosslink density less than 10 % for samples swollen to ahould be parallel and smooth. The width and length (or
fraction 50 % beyond their initial height. Thicker samples will diameter, in the case of cylindrical samples) should be less than
allow a less sensitive measurement. one third the size of the sample chamber (see 6.4). The

6.3 The solvent in the temperature chamber shall be able toeight-to-width aspect ratio should be at least 1:2 to minimize
reach a temperature of at least 150°C, with an expandebduckling, with 1:1 preferred. The machining should be per-
uncertainty of =1°C. Gradients shall not exceed 0.2°C/cm.formed so as to minimize thermal degradation of the samples.

(NB o-xylene boils at 144°C) 9.2 Orientation of Samples-Given that the swelling behav-
6.4 The smallest chamber dimension shall be at least thréer can depend on molecular alignment induced by processing
times the size of the largest initial sample dimension. conditions, the test specimens should be machined so that the

6.5 The volume of the chamber shall be at least ten timeselevant processing direction can be easily identified. The
that of the sample. The chamber should be sufficiently sealed aamples can then be oriented in the swelling apparatus relative
to prevent gross solvent evaporation during the course of th the molding direction (that is, perpendicular to the extrusion
experiment (typically 2 h). of compression molding direction). The specimens can be

Note 1—The data acquisition software should collect both samplem":lrkecl as shown in Fig. 1 to aid in sample alignment.

dimension and temperature at a rate of at least 0.1 Hz. 10. Procedure

7. Reagents 10.1 Add approximately 0.5 to 1 % (mass fraction) of the
7.1 Ortho-Xylene (o-xylene)ACS grade, boiling point @antioxidant to the o-xylene to make a stock solution.
144°C. 10.2 The initial sample height should be measured with a
7.2 Anti-oxidant 2,2’-methylene-bis (4-methyl-6-tertiary resolution of 1 % of the sample height using a micrometer. This
butyl phenol)* value should be recorded. The measurement direction on the
sample can be indicated with a permanent marker. An example
8. Safety Precautions is shown in Fig. 1.

8.1 O-xylene is toxic and flammable, and should be handled 10-3 The sample should be pre-wet with o-xylene, then
only with heat and chemically protective laboratory gloves.duickly placed in the dry chamber with the sample correctly

The swelling apparatus should ideally be placed inside a vente@fiented as marked in 10.2. , _ ,
10.4 The initial sample dimension, as determined with the

measurement system of the instrument described in 6.1, should
be recorded.

“Trade name: Irganox 1010 has been found satisfactory for this purpose. 10.5 Start recording the sample dimension at a minimum
Available from Ciba-Geigy, 540 White Plains Rd., P.O. Box 2005, Tarrytown, NY ;
105919005, rate of 1 point every 10 s.

><

(a) (b)

FIG. 1 Marked Measurement Direction Before (a) and After (b) Swelling
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10.6 Introduce the o-xylene stock solution into the chamber 12.3 The expression in Eq 2 can be reduced to calculate the

at a slow rate to prevent disturbing the sample. molecular weight between crosslink¥),, where v is the
10.7 Raise the temperature of the solvent in the chamber tgnecific volume of the polymer.
130 = 1°C.

10.8 Continue to monitor the temperature and sample di- Me = (vg) &)
mension until equilibrium is achieved (withih10 um) over a 12.4 For polyethylene in o-xylene at 130°C, the following

period of 15 min. approximate parameters shall be used:
10.9 Decrease the temperature to below 50°C. Discard the Parameter Value
o-xylene in an environmentally responsible manner, and clean glﬁo'xy'le”e')F’[E: §f0°IC]) 0.33 1306-55/%
1(0-xylene) [cm®/mol
the sample cell thoroughly. L [g/dm?] 920

10.10 Examine the sample after the test is complete. If it has
shown signs of cracking, or is yellowed, thermal degradation is3. Report
likely to have occurred. This data will be suspect and should be 131 Report the following information:

discarded. 13.1.1 Complete identification of the sample,
) . 13.1.2 Solvent and temperature used,
11. Calculation of Swell Ratio 13.1.3 Initial heights of the samples,
11.1 The swell ratiog, is computed as indicated from the  13.1.4 Final heights of the samples,
height measurement: 13.1.5 Calculated swell ratio, crosslink density, and molecu-

lar weight between crosslinks, and

_ _ 3
% = (Vi/Vo) = (Hr T Ho) W 13.1.6 The orientation of the specimens relative to the
where: principle processing direction (that is, ram extrusion direction,
V; = final volume, or compression molding direction).
Vy = initial volume,
H; = final height, and 14. Precision and Bias
Ho = initial height. 14.1 Tables 1 and 2 are based on a round robin study
Note 2—This calculation assumes that the sample is isotropic. conducted in 2001 involving four sets of ultra high molecular
. . . weigh polyethylene test samples tested by six laboratéries.
12. Calculation of Crosslink Density and Molecular For all sets of samples, all the specimens were prepared at the
Weight Between Crosslinks same time by the same laboratory. Each laboratory tested three

12.1 Given the steady state swell rati, of a polymer specimens from each set of samples.
immersed in a specific solvent at a particular temperature, the 14.1.1 Samples from NIST Refereffc&456, Ultra High
crosslink density, molecular weight between crosslinks, and/iolecular Weight Polyethylene were machined into 5 mm
number of crosslinks/chain can be computed if one knows theubes, packaged in nitrogen, and irradiated four gamma
Flory interaction parameteg,, for the polymer-solvent sys- different irradiation doses (54.2, 71.5, 89.2, and 110.1 KGy).
tem. 14.2 The data indicates that for the range of irradiation
12.2 From Flory’s network theory, which explains the swell doses currently used to produce highly crosslinked UHMWPE
ratio of a polymer-solvent system as a competition betweeffor orthopedic applications, the swell ratio measurement is
elastic forces and forces derived from the free energy ofissociated with interlaboratory standard uncertainty of 8 to
mixing, the following expression is derived for the crosslink 11 %.
density,vy, as a function of the steady state swelling ratio, the
Flory interaction parameter, anp}, the molar volume of the

solvent>®
" Spiegelberg, S., Kurtz, S., Muratoglu, O., Greer, K., Costa, L., Wallace, S., and
INA—0gs H+0gs "+ x0 Cooper, C., Interlaboratory Reproducibility of Swell Ratio Measurements for
Vg = — 13 _ L -1 2 Crosslinked Polyethylend8th Annual Meeting of the Orthopedic Research Society,
b1 (q ds 12
1M S Dallas, TX, 2002.

12.2.1 The expression in Eq 2 assumes a three-dimensional®Cubes of 5 mm per side are available from NIST as Refefer@#57

; ; wp g N i Orthopaedic Grade Polyethylene Cubes. Available from National Institute of
network Composed p”marlly of *H bondmg’ or the formation Standards and Technology (NIST), 100 Bureau Dr., Stop 3460, Gaithersburg, MD

of crosslinks along the main chain rather than at the chain endsgggg.3460.

Additionally, network entanglements may partially contribute

to the refractive forces. Thus the calculated crosslink density 1ag| £ 1 summary of Mean ( =S, Absolute Interlaboratory
will account for these contributions as well. The expression in Uncertainty) Swell Ratio ( g), Crosslink Density ( v,), and
Eq 2 has been shown to be valid for swelling ratios upg to Molecular Weight Between Crosslinks ( M,) for the Four Samples

10, orM. >10 000 g/mol. Molecular Weight

Ell(cgse, Swell Ratio, Cross[l:]q(l;lzfnnas]ny, Between Crosslinks,
Y q Va M, [g/mol]
54.2 3.37 = 0.26 0.133 = 0.017 7,650 = 1,010
SFlory, P. J.,Principles of Polymer Chemistnjthaca and London, Cornell 715 3.12 + 0.24 0.151 + 0.021 6,720 *+ 920
University Press, 1953. 89.2 3.12 £ 0.24 0.152 *= 0.020 6,700 = 890
SFlory, P. J., and Rehner, J., “Statistical mechanics of cross-linked polymer 110.1 2.97 = 0.31 0.170 = 0.032 6,150 * 1,190

networks. Il. Swelling,”J. Chem. Phys 11(11), 1943, pp. 521-526.
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TABLE 2 Summary of Standard Interinstitutional ( sg) and equipment on the same day, the two test results should be

Intrainstitutional ( s,) Relative Uncertainty for Swell Ratio (  g), judged not equivalent if they differ by more than thealue for
Crosslink Density ( v), and Molecular Weight Between that material
Crosslinks ( M,) ’

14.3.2 Reproducibility, R-Comparing two test results for

chgye, Uncertainty, @ Uncertainty, v Uncertainty, M the same material, obtained by different operators using differ-
S ) sk S0 sr®) s ) =) ent equipment on different days, the two test results should be

54.2 3.0 78 4.7 12.8 51 132 judged not equivalent if they differ by more than tRevalue

71.5 2.3 7.8 4.3 13.6 4.0 13.7 for that material

89.2 1.9 75 37 135 33 133 :

110.1 5.4 10.5 9.4 18.7 10.1 193 14.3.3 Any judgment in accordance with 14.3.1 and 14.3.2
would have an approximate 95 % (0.95) probability of being
correct.

14.3 Concept of r and RIf S and S; the absolute 14.4 There is no recognized standard by which to estimate
intralaboratory and interlaboratory uncertainties, have beehias of this test method.
calculated from a large enough body of data, and for test results
that are averages from testing 3 specimens: 15. Keywords

14.3.1 Repeatability, +—Comparing two test results for the  15.1 crosslink density; molecular weight; network; swell-
same material, obtained by the same operator using the sarrey; UHMWPE

APPENDIXES
(Nonmandatory Information)

X1. RATIONALE

X1.1 This test method is intended to describe the procedurthe probe constrains the sample. This contribution will depend
to be followed in order to measure the swelling behavior ofon the modulus of the sample, which in turn depends on the
crosslinked ultra high molecular weight polyethylene. degree of swelling. As an example, a sample with a modulus of

L . 100 MPa, when subjected to a pressure of 1000 Pa, will
X1.2 There are contributions to the measured swellmgmdergo a decrease in the height of 1 %.

behavior introduced when the polyethylene melts, as deter-
mined by the change in density as the sample goes from a solid
to a melt. The relative or fractional change in height from this
contribution has been calculated to be 2.8 %.

X1.5 Polymer molecules can align in flow fields introduced
during normal processing conditions, such as compression
molding or extrusion. The molecular alignment can be frozen
X1.3 There are contributions from thermal expansion of thento the consolidated polymer, yielding a lower entropic state
sample, which can be calculated from the thermal coefficient othan a fully randomly oriented polymer system would exhibit.
expansion of UHMWPE. The relative change over 130°C idf a test specimen is machined from a block of anisotropically
less than 0.05 %. oriented material and subjected to a swelling test, the polymer
chains in the aligned direction will deform more than the
X1.4 The weight of the sample probe, for contact measurefess-aligned direction, yielding a different linear swelling
ments, can cause erroneously low measured swelling ratios ffehavior in these orthogonal directions. Consequently, to
improve repeatability/reproducibility in tests, the test orienta-
> Muratoglu, O. K., Cook, J. L., et alA Novel Technique to Measure the tion relative to the pr|r_1C|pIe processing directions must be the_
Crosslink Density of Irradiated UHMWRE4th Annual Meeting of the Society for  S&Me€ for all test specimens. Users can measure the swell ratio
Biomaterials, San Diego, CA, 1998. in either direction, and report both results.

X2. INDEX TO SELECTED STATISTICAL TERMS (per Practice E 691)

s—Repeatability standard deviation
sr—Reproducibility standard deviation
S—Absolute repeatability uncertainty
Sr—Absolute reproducibility uncertainty
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ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).



