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The article deals with structural elements of makemade of bone cement coupons of
various impurities: diethylaminoethylacrylate, dimgaminoethyl methacrylate and
diethylaminoethyl methacrylate. Considering thesgrintensity factor the characteristics of
fracture factors with different soaking time intelssin simulated body fluid (0; 3; 6 months)
and also with different impurities in fixed matér{@...10 wt%) are presented. The data
for the stress intensity factor used in the comsddi models for different structural ele-
ments, allowing us to analyze the possible risksw¢h elements, provided that they
contain crack-likes defect are given. Also the galof the critical length of each consi-
dered crack-like defect and calculated number adilog cycles in this object, that can be
useful for engineering recommendations for the esterial and concrete structural ele-
ments made from this material, are obtained.

Keywords: bone cement, crack defect, different geometry,sstrmtensity factor,
engineering advice, monitoring.

Bone cements have been used clinically for a nurobgears in orthopedic sur-
gery for the fixation of artificial joints with eoaraging results [1]. Also in [2] the
effect of the incorporation of comonomers contajramine groups on the mechanical
and fracture properties of acrylic bone cements stadied. Cements were prepared
with eitherdiethylaminoethylacrylate (DEAEA), dirhgtaminoethyl methacrylate
(DMAEM) or diethylaminoethyl methacrylate (DEAEM¥ &omonomers in the liquid
phase. It was found that the strength and Youngduilus decreased with increasing
comonomer content in the bending and compressais.té was also observed that
fracture toughness is the critical value of sitkess intensity factqiSIF) Ko). These
properties of cements were also evaluated aftekirsgpahe specimens in simulated
body fluid (SBF) for 0, 3 and 6 months.

Application of fracture mechanics is impossiblehwiit having reliable criteria
for evaluation of the crack-like defect length. §igsue has received much attention.
Different effects that affect the value of suchama were studied. However, this work
has not been completed, because in most counkréee aire no standards for deter-
mining the criteria of linear and nonlinear fraetumechanics of concrete. Existing
theoretical solutions, which can estimate the strbstribution ahead of the crack-like
defect, are very complex and cumbersome. In endimgeepractice their use is
associated with considerable difficulties. Therefane should look for relatively
simple, even approximate solutions or models thailevsimulate criterion approaches
to engineering estimates of the objects that cordafects [3].
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Object of investigation. A plate of sizes 3x10x75 mm made of bone cement,
containing crack-like defects in its central parge studied. The cases where the defect
is located exactly in the center of the plate (chsas well as the cases where the
eccentricity defects are located slightly off-centate (case Il) are considered.

Using obtained in [2] values of the stress intgnfttors (Table 1) and analytic
models of structural elements in [4] the calculatatiies of the critical length of the
crack-like defect, some models of structural eleseanntaining a defect, are proposed.
On the basis of these models the critical vaklygdor a crack-like defect are given.
These critical valuess are given for three materials. The experimentalebcements
were formed by adding the liquid component to thi@spowder) component at room
temperature (2Z%2). The powder component consisted of Nictone heaatwzoyl pero-
xide and barium sulfate (BagOwhile the liquid component consisted of methyl
methacrylate (MMA) (as the base monomer), dimethgbpiathetin and either
DEAEA, DMAEM or DEAEM at 2; 4; 6 and 10 wt%; theg@antities were incorpo-
rated by partial replacement of MMA in the liquidgse.

Table 1. Values of the K. in SBF of acrylic bone cementswith different soaking time[2]

Material % Soaking time in SBF, months
0 3 6

2 1.54 1.66 1.65

0 1.54 1.62 1.76
E 1.66 1.68 203
10 1.83 1.56 1.51

1.38 1.62 1.9

o 1.76 1.75 1.00
% 1.75 1.15 1.41
10 0.76 1.49

1.27 1.96 1.85

0 1.36 1.54 1.96
E 6 1.44 1.66 1.89
10 1.75 1.95 1.83

The above methodology was applied in different sask location of a plate
containing a crack. Below there are the analyticadressions for calculating the SIF
for each model according to which the critical &bmgth was identified.

Defect I: finite width plate containing two-dimeasal centered cracks under
bending [2, 3] (Fig. 4):
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Defect IlI: finite width plate containing two-dimeonsal eccentric cracks under
uniform tension [2, 4] (Fig.4):
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Fig. 1. Defect I: finite width plate containing tvdimensional centered cracks under bendi)g (
and defect Il: finite width plate containing twaatgiénsional eccentric cracks under uniform
tension b): 2a — crack lengtht — plate thicknes3a)V — plate width;
M — bending momeng — crack eccentricityy — tension.
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Result and discussion. For the better analysis of the results the diagrahti-
tical length of the crack-like defect, dependingtibea number of months, are obtained.
The analysis of Fig. 2 shows the improved fractorgghness of the material, namely
increasing length of the crack-like defects witbréasing soaking time of the material.
However, this trend is clearly observed only fooducts DEAEA and DEAEM. For

the third material DMAEM the trend is different, wh needs more research on this
material.
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Fig. 2. Critical crack length (defect I) for matds DEAEA, DMAEM and DEAEM at 20 MPa
for 2 wt% @), 4 (), 6 (), and 10 wt%d): 1 — DEAEA;2 — DMAEM; 3— DEAEM.

Let us to consider the effect of additives of DEARAd DEAEM on bone cement
critical length of a crack-like defect (Fig. 3). B®cement with 4% DEAEA has the
smallest crack development resistance and is ths stable at 6% content of DEAEM.
The following trend should be noted: a criticalaktdength in the bone cement sample
changes more dramatically after soaking in SBRHerperiod of 3...6 months than for
0...3 months of exposure. The bone cement sampledA#DEAEM is more prone to
fracture in the period of 0...3 months of soaking dsd;. value dramatically increases

in the case of 3...6 months exposure as well. Thizurscboth at loads of 20 and
25 MPa (Fig. 3).
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Fig. 3. Critical length of a crack-like defect (def 1) depending on soaking time for DEAEA,
DMAEM and DEAEM at 20 MPag) and 25 MPali): [J, B — 4 and 6% DEAEA;
A, A —4and 6% DEAEMO, @ — 4 and 6% DMAEM.

Similar trends are observed in principle for all dats under consideration.
Therefore, in this paper a detailed analysis ofctiitecal length of the crack-like defect
for materials DEAEA and DEAEM is presented.

Now let us analyze the behavior of defects of d#fift geometry in the studied
models. In the second simulated case the defenbtisn the center of the design
elements and is at a small distaedeom center of plate. The cases of different value
of e ranging from 0.05 mm to 2 mm are discussed. Thtadce of more than 2 mm
was not considered. Analysis of the results shothad the most dangerous case is
when the defect is more remote from the design esn It should be also noted that
in the case of 6 wt% DEAEA and 6 months of soakihg fracture toughness is
significantly higher than in all other cases. Régay this fact DEAEM showed in both
studied cases the percentage of 4 and 6 wt% (Fig. 4
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Fig. 4. Critical length of the defect (defect Igmknding on eccentricity of the defect
for materials DEAEA4) and DEAEM b) at 20 MPaA, A — 4 and 6%, 0 month;
O, ® — 4 and 6%, 3 montl;!, @ — 4 and 6%, 6 month.

Using fracture mechanics approach the value ofdtfical crack-like defect
length is proposed for engineering evaluation.

The final value of the critical defect length i<osm in Table 2 for each examined
case. This table presents the length of the defeébe considered case, after reaching
which its growth may occur spontaneously, whiclikidy to lead to the object fracture.

Also the number of loading cycles in these objeets calculated. This assist in
engineering recommendations for the test matendl eoncrete structural elements
made of this material.

Here it is supposed that the crack growth raterdiag [5] fully describe the
propagation resistance of defects in the objedisyThave been presented analytically
using the well-known Paris equation:

da/dN= QA K)", )

whereC andn are the constants of the “material-environmenstey. The parameters
are calculated in [6J = 7.07 andC = 0.0003.

afc, mm
afc, mm
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Table 2. Values of the a in the SBF of acrylic bone cementswith different soaking time

Defect | DEAEA DEAEM
Omonths| 3 months 6 monts Omonths 3 moths  @hadn
4% 0.73022 0.75416 0.79406 0.66638 0.73022 0.84992
6% 0.76214 0.77012 0.87386 0.6983 0.762[14 0.83396
Defect Il DEAEA DEAEM
e=0.05mm 0 months| 3 monthg 6 months O months 3 months 6hagnt
4% 3.28382 3.53918 3.98606 2.68532 3.28382 4.57658
6% 3.66686 3.7307 4.77608 2.94866 3.66686 4.37708
e=0.1mm| Omonthg 3 months 6 months 0 months 3imsont6 months
4% 3.27584 3.5312 3.9701 2.67734 3.27584 4.56062
6% 3.65888 3.72272 4.75214 2.94068 3.65888 4.36112
e=0.5mm| Omonthg 3 months 6 months 0 months 3mon 6 months
4% 3.20402 3.4514 3.86636 2.64542 3.204p2 4.409
6% 3.5711 3.62696 4.58456 2.8928 3.5711 4.22%46
e=1mm | Omonths 3 months 6 months 0 months 3 msontl® months
4% 3.10826 3.3317 3.70676 2.58158 3.108p6 4.19854
6% 3.44342 3.49928 4.35314 2.82098 3.44342 4.03394
e=2mm | Omonths 3 months 6 months 0 months 3 nsontl® months
4% 2.84492 3.02048 3.30776 2.42198 2.844092 3.66686
6% 3.10826 3.14816 3.77858 2.613b 3.108p6 3.54716

The examples of calculations of the residual dlitgtnf structural elements with
defects under cyclic loading in working environngeate given. They were obtained
on the basis of the well-known formula [3], whictogides conditions for spontaneous
fracture of the structural element.

e
Nfc = .[

&

whereN. is the number of loading cycles to fracture ofistral elementsa. anda;
are sizes of initial cracks.

The calculated value ®¥ in the second case is rather close to each otiseegual
to N = 6[10° cycles. In the first case the valueNyf is significantly higher compared to
the second cas&l& 5010%), which suggests that even despite of the highkrevof the
critical length of the defect, the second case @gsemunpredictable than the first one,
because the defect develops much faster.

CONCLUSIONS

This paper gives models for various cases of sfrattelements containing a
crack-like defect. On the basis of these modelsexiperimental results, the SIFs were
identified and critical lengths of defects were lgpad. This procedure was performed
for structural element in the considered casetferdefects of different geometry. The
analysis of the data showed the specific safegtctlein materials. These data &
can be used in engineering recommendations fortése material and concrete
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structural elements made from this material. Asrttest important conclusion we can
indicate that the best material is DEAEM. Alscshibuld be noted, that the second case
is more unpredictable than the first one, becauseléfect develops much faster.

PE3FOME. JlocnimkeHO KOHCTPYKTHBHI €IeMEHTH, BUTOTOBJIEHI 3 JIIKYBaJIbHOTO [IEMEHTY,
3 ypaxyBaHHAM pIi3HHX JOMIIIOK, 30KpEMa, JIIETHIOBOTO aMiHOKHUCIOTHOTO eTHIAKPHIATY
(DEAEA), mumermnaminoerms wmetakpwiaty (DMAEM) i giermnamiHoeTms1 MeTakpuiiaty
(DEAEM). 3 ypaxyBanHsM 3Ha4eHb KoediuieHTa inTencuBHocTi Hanpyxenb (KIH) momano xa-
PaKTepPHUCTHKY YHHHUKIB PYHHYBAaHHS JUIS IIUX 00 €KTIB 3a PI3HOTO 4acy 3aMOYYBaHHS B cepe-
nosuni SBF (0; 3; GuicswiB), a TAKOXK 3a Pi3HUX BaroBux Bapiallii TOMIIIOK B OCHOBHOMY Ma-
tepiani (2...10%).Jani qust KIH, sixi BUKOpUCTaHi B MOIEISIX, TOOY/I0BAHUX JUIS Pi3HUX KOHCT-
PYKTHUBHUX €JIEMEHTIB, HAIOTh MOXIIMBICTh aHANI3yBaTH PU3MK IX pyHHYBaHHS 3a yMOBH, IO
BOHH MICTATh TpilIMHONOAIOHMH nedext. OTprMaHO 3HAUCHHS KPUTHYHOI JOBXHWHU TPIIUHO-
noxiOHOro medekTy B KOXKHOMY PO3IILIYBAHOMY BHIIQAKY i PO3PAaXOBAaHO KiNBKICTh IIMKIIB
HABAHTAXECHHS B IbOMY 00’ €KTI.

PE3IOME. VccnenoBaHbl KOHCTPYKTHBHBIE 3JIEMEHTHI, U3TOTOBJICHHBIEC U3 JIEYEOHOTO Iie-
MEHTa, C Y4ETOM Pa3IHYHBIX IPUMeCeH, B YaCTHOCTH, JUITHIOBOIO AMUHOKUCIOTHOTO ITHIIAK-
punata (DEAEA), mumerinamunostisn merakpmwiata (DMAEM) 1 Au3THiIaMUHO3THII METaKpH-
nmata (DEAEM). C yuerom 3HadeHmii Koo dHIMEHTa HHTEHCHBHOCTH Hanpsokernit (KMH) mpuse-
JIEHBI XapaKTEePUCTHKH (HaKTOPOB Pa3pyIISHHs IS OTHX 00BEKTOB MPHU PA3THIHOM BPEMEHH 3a-
maupmBanus B cpene SBF (0; 3; Guecsaues), a Taxke pasiInuHbIX BECOBEIX BapHAlUIX IPUMECEN B
ocHoBHOM Matepuaie (2...10%).daunbie miss KMH, KOTOphIE HCIIONB30BaHbI B MOEISIX, TOCTPO-
€HHBIX TS PA3JIMYHBIX KOHCTPYKTUBHBIX JIEMEHTOB, IAIOT BO3MOKHOCTH aHAIN3UPOBATH PUCK UX
pa3pyIIeHHs PU YCIOBUH, YTO OHU COJIEpPKAT TPeIIMHONON00HbIH aedekT. [lomydeHo 3HaueHne
KPUTHYIECKOH JUTHHBI TPEIIHHUITONO0HOTO Je(heKTa B KOKIIOM PACCMaTpPUBAEMOM CITydae U paccuu-
TaHO KOJIMYECTBO [IUKIIOB HATPYXKEHHUS B 3TOM OOBEKTE.

1. Modified acrylic bone cement with high amounts of ethoejtryleneglycol methacrylate /
B. Pascual, M. Gurruchaga, M. P. Ginebra, F. J.i,GbAAA. Planell, B. Vazquez, J. San
Roman, and I. Gofii // Biomaterials. — 19920-— P. 453-463.

2. Comparativestudy on the mechanical and fracture propertiezcoflic bone cements prepa-
red with monomers containing amine groups / A. Naya, W. Herrera-Kaoa, J. V. Cauich-
Rodrigueza, J. M. Cervantes-Uca, and S. G. Floss@ob // J. Mechanical Behaior of
Biomedical Mat. — 2012. 6. — P. 95-105.

3. Ianaciox B. B., Jlyuko H. H., Manvro 1. M. Jlehopmaniitna Mozens pyiitHyBanHs 6eTony //
IMpo6memsr npounoctr. — 2003. Ne 2. — C. 18-28.

4. Mexanixa pyiiHyBaHHs 1 MitHicTh Marepianis: Jlosiau. moc. /Ilix 3ar. pea. B. B. Ilanacroka.

T. 13: [Ipame3aaTHiCTh MaTepialliB 1 €IEMEHTIB KOHCTPYKIIN 3 TOCTPOKIHIIEBUMH KOHIICHT-
paropamu Hanpyxess / 1. M. mutpax, JI. Tor, O. JI. Bumuii, A. M. Cupotiok / ITig pen.
B. B. ITanacroka. —JIeBiB: Crionom, 2012. — 31G.

5. Mexanixa pyiHyBaHHS 1 MiIHICTH MaTepianiB: JIoBigH. moc. 3a 3ar. pexa. B. B. Ilanacioka.

T. 7: HagilfHiCTh Ta JOBTOBIYHICT €JIEMEHTIB KOHCTPYKIIH TEIUIOCHEPTeTHIHOTO yCTATKY-
Bauns / 1. M. [Imutpax, A. b. Baitaman, M. I'. Cramyk Ta in. / 3a pen. I. M. Imurpaxa. —K.:
Axagnemrepionuka, 2005. — 378&.

6. Physicochemicalmechanical and biological properties of bone ggmprepared with functi-
onalized methacrylates / M. A. Sabino, D. Ajami, &&lih, N. Nazhat, R. Vargas-Coronado,
J. V. Cauich-Rodriguez, and M. P. Ginebra // Jniterials Applications. — P. 147-161.

Received 09.11.2016



