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The length critical values of ellipse-like defeaisplates made of bone cement manufac-
tured with various additives are assessed. Thgsimalas made also using previously studied
samples subjected to different soaking periods3(@ months) in simulated body fluid.
This research is focussed on the behaviour of sssnplade of bone cement containing
different additives: diethylaminoethylacrylate, @ithylaminoethylmethacrylate and die-
thylaminoethylmethacrylate. The models generatgulestent allow the determination of the
critical length of defects from stress intensitgtéa values. This in turn made it possible to
calculate the critical number of loading cyclespecific mechanical elements, containing
ellipse-like defects. This class of calculationsildobe the basis for engineering recom-
mendations for design and risk assessment of lerakats, manufactured from this material.
Keywords: bone cement, crack defect, different geometrysssirgensity factor, engineering
monitoring.

Bone cements have been used clinically for a nurabgears in orthopaedic sur-
gery for the fixation of artificial joints with eocraging results [1]. Currently several
research groups around the world work to improwe rttechanical strength and bio-
compatibility of bone cements for real prosthegigligations in human beings. Several
research approaches to assess critical valueofgr tement components fracture have
been reported [2]. The effect of the incorporatbromonomers containing amine groups
on the mechanical and fracture properties of ackydine cements were also considered
in [2]. Bone cements were prepared with diethylarathylacrylate (DEAEA), either di-
ethylaminoethylmethacrylate (DEAEM), either dimd#minoethylmethacrylate
(DMAEM) as comonomers in the liquid phase. The na@dtal and fracture properties
of cements were also evaluated after soaking teeisgns in simulated body fluid
(SBF) for 0; 3 and 6 months [2, 3].

Usually structural elements made of bone cememtsale diverse forms depen-
ding upon the requirements of specific applicatimrsprosthesis. Proper application
of fracture mechanics requires a reliable critefmmdetermining the growth of defects
such as ellipse-like defects. This issue has redemuch attention around the world
with studies on the influence of critical parame®@etermining such criteria. However, this
question has been not fully developed, since thegenot international standard pro-
cedures for determining the criteria for linear amahlinear mechanics of the bone
cements fracture [4].

There are theoretical solutions, which can estirtisdestress distribution ahead of
the ellipse-like defect but they are very compled aumbersome. In engineering practi-
ce, theoretical models represent considerablecdiffes and are not always applicable.
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Therefore, approximate solutions using the relgtig@mple models could represent
excellent simulation approaches to establish asitefor engineering estimations of
structural elements and components that contaectef5].

This paper presents a model for calculations etitife of plates with different
configurations that contain ellipse-like defectf Based on the results of these studies,
this paper proposes recommendations for engineestigiations for bodies of ellipse-
like defects of various forms and geometry. Esghlitig the criteria and evaluation of
strength of materials near different defects frdra tomputational models requires
experimentally established laws and basic dataheniriteraction of local strain and
working environment. It is important to establislhetationship of physicomechanical
and physicochemical parameters of the system “imktenvironment” and its role in
the materials fracture process.

Experimental. Bone cement platesx30x75 mm of size containing ellipse-like
defects of different form were analysed. Using #teess intensity factors values
obtained in [2] (see Table 1) and analytic moddistauctural elements [6], some
models for the calculation of critical length vedusf the defect are proposed.

Table 1. Values oK (MPaUy/m ) in a simulated body fluid
of acrylic bone cements with different soaking timen SBF [2, 3]

Material Wt.% Soaking time in SBF, months
0 3 6
DEAEA g igg i:gg ;:(7)2
DMAEM g i:;g ﬂg 1:22
DEAEM g i:ii izgg i:gg

Three cases were considered: a plate under temgfoa semielliptical surface crack
(case |); a plate under tension with a quartet&lfp corner crack (case Il) and a plate
under tension with an embedded elliptical crackitfesl) (case IIl). Based on these mo-
dels the critical valuea, of the defect length are shown for three materigte experi-
mental bone cements were formulated by addingdb@llcomponent to the solid (pow-
der) component at room temperature®(25 The powder solid components consisted of
nictone polymethylmethacrylate beads, benzoyl pdeoand barium sulfate (Bag0
while the liquid component consisted of methylmetiiate (MMA) (as the base mono-
mer), dimethyl propiothetin and either DEAEA, DMAEM DEAEM at 4 and 6 wt.%;
these quantities were incorporated by a partidhogpnent of MMA in the liquid phase.

The analytical expressions for calculating thesstriatensity factor (SIF) for each
model on which the critical defect length was idfeedt are as follows.

Defect I: Plate under tension with a semi-elliptical surfazck [6, 7] (Fig. &):
Ko =0Fma, (1)
_ My +My(alt)? +Ma(al t)?t

F \/6 Fos Fw = T[(::-—;
cod —+alt
et
for alc<1: Q=1+14640 /3% M = 1.13 009 £ M, =-054+—o0 .
‘ 0.2+alc
_ 1 4
M3 =0.5- +141-a ¥ K, = Ky , K. = 14 03% {dJa £
3 0.65+a /c ( f la =Ko+ Kic =Ko ( 5 19
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Fig. 1. Plate under tension with a semi- — ? f ? ? f

elliptical surface cracke defect I), QD}—,
quarter-elliptical corner craclkydefect II), 1

and embedded elliptical crack (centred) L—" N —

I - =
(c: de_fect I): 2V, W— length of plate; ﬁ'
2t, t— width of plate; 3, a— length of crack;

2c, c— width of crackp — applied stress. :H:i%, * * * * *
T ()

IZC

Defect Il: Plate under tension with a quarter-elliptical eorerack [6, 7] (Fig. h):
Kia =Ky (¢ =1/2); 2

2 4
i a a
K¢:0F 6, F:|:M1+M2[T) +M3(T] :lglng(b

1/4
For %sl: fy :[(a/c)20052¢+ sinquJ : M;=1.08- 0.0& £ M, =-0.44+
1.06
0.3+alc’
gl:1+[o.08+ 0.46 t 3] & sip3; g, :1+[o.08+ 0.154 ;tﬂ E cop 3

Defect Ill: Plate under tension with an embedded ellipticatlkcr(centred) [6, 7]
(Fig. 1c)

M =-0.5+ 0.252-+ 148¢a ¢% Q=1+1.464@ /c}55

K,y = FF,0vma ; 3)
£ oMMy’ +Mgargt 1
= D Fy= ———
JQ cod T \E
W\ t
Q=1+1.464@ /c}%°; M = 1; Mz—ﬁ : Ms 0.29

011+ @/ 023 @ lc§?

Result and discussionFig. 2 presents the critical length of the defddtype | as a
function of immersion time in SBF in bone cemembgies manufactured with 4 and 6 wt.%
since they are the most realistic cases for théo@apon of the investigated materials.
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Fig. 2. Critical length of the defect | with

£ 18 dependence on soaking time for materials
£ 16 DEAEA (0 — 4, M — 6 Wt.%), DMAEM
S 4 (A -4, A — 6 Wt.%) and DEAEMQ — 4,
) ) | @ —6wt.%) in cases 20 MPa fafc = 0.5.
1.2 0 2 4 T, months

A general trend in the behaviour of the criticaidéh of the ellipse-like defect,
depending on the soaking time can be observedjindFiResults obtained for material
DMAEM presented high dispersion to be consideredtie calculation of the critical
defect length of bone cement samples subjecteatigué conditions.

Samples of material DEAEA (Fig. 3) presented tHessacondition which is 6 wt.%
with 6 months of soaking, although the differene@ot large enough, and the remai-
ning cases are in approximately the same plane mitiimum dispersion. It is worth
mentioning that the most dangerous form of theadts all cases under consideration
is that with the rati@/c = 0.1. The best situation for the critical lengfran ellipse-like
defect in samples with 6 wt.% and 6 months of sagls for the rati@/c = 0.75.
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Fig. 3. Critical length of the defea,(b: defect I), €, d: defect Il) and &, f: defect IlI)
depending om/c for materials DEAEA#, c, €) and DEAEM b, d, f) in case 20 MPa:
A — 4 wt.%, 0 monthsA — 6 wt.%, 0 monthsD — 4 wt.%, 3 months;
® — 6 wt.%, 3 monthd;] — 4 wt.%, 6 monthdll — 6 wt.%, 6 months.
Material DEAEM (Fig. &, b) presented a similar trend, but in this case thef
of the defect affects the critical length of thigpsk-like defect as in the case of DEAEA.
The most secure case is for samples with 4 wt.%6ntbnths of immersion in the
SBF, although the difference af values for samples with 4 and 6 wt.% is small.
For the defect of type Il a general trend of thkaw@our of the ellipse-like defect
critical length as a function of theéc ratio is observed as shown in Fig, @. Critical
& values depending on the form of the defect presksimilar trend as for the defect
of type | with that difference that the gap betwéen safest cases is higher than in the
previous model, as in the case of DEAEA and DEARMen the difference between 4
and 6 wt.%, is small, but is larger than in thevpmes model.
Defect of type Ill presents a trend of increasing tritical length of the ellipse-
like defect as a function of thegc ratio and of the time of immersion in the SBF as
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shown in Fig. 8, f. Regarding the consideration of the critical valdepending on the
form of the defect both trends are similar to thsecof defect Il with that difference
that the gap between the safest cases almost deappnd the critical length of the
ellipse-like defect in materials DEAEA and DEAEMeaf6 months of immersion in
SBF and 4 and 6 wt.% respectively are nearly idahti

Using the fracture mechanics approach the valuetheofcritical length of the
ellipse-like defect for engineering evaluation cenproposed. It takes into account the
above cases |-Il described in [6].

For structural element with a crack-like defecas$igned form and location the
dimensionless dependenaas be presented as

(Vt/0)qdK, /da) = F(a/ 9, 4)
wheret is the size of structural element in the defeoingh direction;o is applied ex-
ternal load. The above relationship indicates thate is some defect siza/t), from

which the variation rate of SIK, significantly increases. This size was considexed
characteristic for the assessment of strength aliability of the structural elements
with crack-like defects. A defect for which the walof @/t), is the lowest is accepted

as the most hazardous from the fracture risk pafimtew.

Tables 2—4 show the length of the ellipse-like dieféor different immersion time
in SBF and differend/c ratio. When the defect reaches the critical valwall sponta-
neously and unstably grow, which is likely to letd the object fracture. Values
obtained with the three different approaches ferdhlculation of the ellipse-like defect
critical length are also presented here.

Table 2. Values ofa;. in the SBF with defect | of acrylic bone cements
with different soaking time in SBF for 4 and 6 wt.%

Defect | DEAEA DEAEM
a/c=0.1| Omonths| 3 month§ 6 months O months 3 month® months
4 0.87775 0.88042 0.88487 0.86974 0.877y5 0.88932
6 0.8822 0.88309 0.8911 0.8734 0.882p 0.88843
a/lc=0.25| 0 months| 3 monthg 6 months 0 months 3 months  6hmont
4 127@) | 1.27¢@) 1.27 @) 1.27 @) 1.27 @) 1.27 @)
6 127@) | 1.27¢@) 1.27 @) 1.27 @) 1.27 @) 1.27 @)
a/c=0.5| Omonths| 3 months 6 months 0 months 3 montt® months
4 1.88615 1.94112 2.02477 1.74275 1.88615 2.12037
6 1.96502 1.97936 2.14905 1.81206 1.96502 2.08p3
a/c=0.75| 0 months| 3 monthg 6 months 0 months 3 months  6hmont
4 2.24054 2.32725 2.4439) 2.01629 2.24054 2.445)
6 2.36612 2.38705 2.449 2.12094 2.36612 2.4

Note: a, — by @/t),; agg— by standard approaches of fracture mechanic.

The reliability of the mathematical models for adétion of SIF in cases |, Il and
Il depends critically upon the definition of théaracteristic value, for the same
model using the original SIF and the classic apgresa of fracture mechanics with a
length of defechy g at the specific zone of stress distribution. Thiésee values cho-
sen minimum, represent a critical length of thépsd-like defect for the particular
cases of the present study. The situation is thraht same objects but with defects of
different form and geometry it is necessary to gpiifferent criteria.
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Table 3. Values ofa;. in the SBF with defect Il of acrylic bone cements
with different soaking time in SBF for 4 and 6 wt.%

Defect Il DEAEA DEAEM
alc=0.1 | Omonths| 3montht 6months Omonths 3 montiEsmonths

4 0.93971 0.9899 1.07355 0.81543 0.93971 1.18349

6 1.0138 1.02575 1.21695 0.8704 1.0138 1.14825
a/c=0.25| Omonths| 3 months 6 months 0 months 3 montlésmonths

4 1.1094 1.17632| 1.241 @) | 0.94927 1.1094 | 1.2414,)

6 1.20978 1.22651| 1.2414,) | 1.02336 1.20978| 1.241 4,)
a/c=0.5 | Omonths| 3 months 6 months 0 months 3 montl&months

4 1.43444 | 145@) | 145@) | 1.22412 | 1.43444| 145@)

6 145@) | 1.45@) | 1.454@) 1.31972 | 1.45@) 1.454,)
a/c=0.75| O0months] 3 monthg 6 months 0 months 3 montlsmonths

4 1.115@,) | 1.1154,) | 1.1154,) | 1.1154,) | 1.1154,) | 1.1154,)

6 1.115@,) | 1.1154,) | 1.1154,) | 1.1154,) | 1.1154,) | 1.1154,)

Note: a, — by @/t),.

Table 4. Values ofa;. in the SBF with defect Ill of acrylic bone cements
with different soaking time in SBF for 4 and 6 wt.%

Defect IlI DEAEA DEAEM

a/lc=0.1| 0months 3 months 6 months 0 months 3 montlf&months
4 1.20548 1.22472 1.25284 1.15072 1.20548 1.2854
6 1.2336 1.23804 1.29576 1.17588 1.233p 1.27504

a/lc=0.25| 0 months| 3 months 6 month O months 3 months  6hmant
4 1.437@,) | 1.4374,) 1.4374,) |1.4376,)| 1.4376,) | 1.4374)

6 1.4376,) | 1.437@) | 1.437Q) | 1.4376) | 1.4376Q) | 1.437 @)

a/c=0.5| 0 months 3 monthg 6 monthis 0 months 3 montlf&months
4 1.6994,) | 1.6994,) 1.6996,) [1.6994,)| 1.6996,) |1.6994,)

6 1.6994,) | 1.699 &) 1.69964,) [1.6996,)| 1.6996,) | 1.6994,)
Note: a, — by @/t),.

It was also supposed that the crack growth ratgraims [8] fully define the
materials resistance to defects propagation. Theypeesented analytically using the
well-known Paris equation:

da/dN= QA K)", (5)

whereC andn are the constants of the “material-environmenstesy. Here parame-
ters are calculated as= 7.07 andC = 3107 [9].

Here are the examples of calculations of residugdlility of structural elements
with defects under cyclic loading in working enviroents. Calculations are performed
based on the well-known Eq. (6), which providesditions for spontaneous fracture
of structural elements [6]:
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da
Vo= Ry
&h '
whereNg is the number of loading cycles to fracture ofictural elements is given
in Tables 2—4 anéy, is calculated from conditionae/dN = 107™*°.

Analysis of defects | and Il under cyclic loadingPa made of material DMAEM,
gives some interesting results. For example if areser only the critical length of the
defect, we can see on defect | a gradual increadigei critical length with increasing
ratio of the defect axes (Fig. 4). This trend appedter considering for the calculation
all cases of the defects critical length. As fofedell, there is a maximum length of
the defect, which becomes critical for th& ratio 0.5 and some decrease in this
parameter is observed (Fig. 4).

(6)

0.1 0.25 0.5 0.75alc o 0.1 0.25 0.5 0.75 a/cO

Fig. 4. Diagrams of the defect critical length iseaf defect 1g) and defect Il1f), depending
ona/c and time of soaking for DEAEM with 20 MPa and 6 wt&l — 2...2.5, Il - 1.5...2,
M-1...1.5,IV-05...1b:1-1.25...1.5, 11 -1...1.25, - 0.75...1; IV — 0.5.. 7.

Calculation of the number of cycles to achievedhigcal defect length indicates
that the cases analysed produce somewhat differguits (Fig. 5). In defect of type |, the
maximum number of cycles is obtained for #fe ratio 0.1 and becomes the minimum
for thea/c ratio 0.75. This fact suggests that there is sslowdown defect. This result
indicates that additional defects monitoring withvér a/c ratios are required, because
the development of such defects can be much fésterthe defects with a higher ratio.

10°

Fig. 5. Number of critical loading cycles ;f 108 \\.—_‘
for defects | &) and 11 (@) >
with dependence oa'c for DEAEM £10f - ™
with 20 MPa and 6 wt.%. =
6 L L L
10 0 0.2 0.4 0.6 alc

In defect Il there is a gradual increase in the Ipeinmof loading cycles with in-
creasing the defect ratac (Fig. 5). These facts may indicate the adequatéraloof
bodies with defects when the values of the critieagjth of the ellipse-like defect and
the number of loading cycles are known. The knogdedf the ellipse-like defect
critical length allows us to conclude that thereaigotential threat of real defects
appearance in the components and structures. Bggséte number of loading cycles
it is possible to make predictive assessmentseoétihdied elements lifetime.

CONCLUSIONS

Various cases of structural elements containingadefare simulated. On the basis
of these models of the SIF calculation and expeantaieresults the critical length of
defects were identified and analysed. This proadsiperformed for five structural
elements. Here the cases of defects of various &rthgeometry are considered. Ana-
lysis of the data shows the specific defects inrttagerials which is the safest. It has
been also designed for some specific cases, susfalass ofa, (the characteristic

length of the ellipse-like defect after which atéaslefect growth is probable) and also
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another value of the critical lengta s. Here the critical number of loading cycles is
calculated in the case of material DEAEM (with 6%} These data can be used for
engineering recommendations of the test materidl @ncrete structural elements,

manufacture form this material. As the most impartaonclusion we can mention that

the best material to consider is DEAEM. It shoukb&e noted that the second case is
more unpredictable, because here the defect desvalaph faster.

PE3FOME. O6uuCcIeHO KpUTHYHY JOBXUHY TPILMHH Y IUIACTUHAX 3 JIKYBAJILHOTO [IEMEHTY
3 I0flaBaHHsIM Pi3HHX JOMIIIOK. BukopucTano 3pasku, ski 3a3xaneriap npocouysainu (0; 3; 6mi-
CAIIiB) Y MOZIETbOBAHOMY PO3UHHI LTS JIFOACHKOTO Tina. JIOCIiKEHO KOHCTPYKITMHI eleMEHTH,
BUTOTOBJIEHI 3 JIKYBaJIBHOTO IEMEHTY 3 JIOJABAHHIM JiCTHIAMiHOMETIIAKPIIIATY, AUMETHIAMi-
HO-METHJIMETaKpHIATy Ta JieTHIaMiHOMETHIMETaKPHIATy. 32 CTBOPEHHIMH MOJIETAMU BCTAHOB-
JIEHO KPUTUYHY JOBXKUHY Ae(EKTIB 3a 3HAUCHHAMU Koe(]illieHTa iHTEHCUBHOCTI HAIlpy>KEHb, a
TAKOXK KPUTHUYHY KUIbKICTh LIUKJIIB HABAHTAXKCHHS KOHCTPYKIIHUX €JIEMEHTIB 3 eJiNconoaio-
HOIO TpilMHOK. Taki NOCHIIXKEHHS MOXYTh CTaTH OCHOBOIO UL IHXKEHEPHUX pEeKOMeHnalii
MiJl Yac MPOEKTYBAHHS Ta OLIHKH PU3UKY PEaJIbHUX €JIEMEHTIB, BATOTOBJICHHX 3 I[bOTO MaTepiaiy.

PE3IOME. PaccuntaHa KpUTHYECKas AJMHA TPELIMHBI B IJIACTHHAX U3 JIEUeOHOro LIeMEH-
Ta ¢ f00aBIeHNEM pa3HYHBIX cMeceil. Mcnomp3oBansl 00pasisl, TPeaBAPUTENHHO MPOIHTAH-
uote (0; 3; 6MmecsiieB) B MOJEIMPOBAHHOM PACTBOPE /IS YeIoBedecKoro tena. MccieoBansl KOH-
CTPYKIHOHHBIE YIEMEHTHI, N3TOTOBJICHHBIE U3 JIeUe0HOT0 IIEMEHTA C 100aBICHHEM AUITHIAMH-
HOMETHJIAKpUIlaTa, JUMETIIAMUHOMETHIMETaKpUIaTa U JUITUIaMUHOMeTUIMeTakpuiara. C no-
MOIIBI0 pa3pabOTaHHBIX MOAeNeH yCTaHOBIEHA KpHTHYECKas IMHA Ae(EeKTOB IO 3HAYCHUSIM
k03¢ }UIMEHTa UHTEHCUBHOCTU HANpPSDKEHUH, a Takoke KPUTUUECKOE KOJIIMUECTBO LIUKJIOB HArpy-
JKEHMSI KOHCTPYKLHOHHBIX 3JIEMEHTOB C 3JIMIICOBUIHON TpeluHOi. Takue uccaenoBaHust MOTyT
CTaTh OCHOBOM JUI1 MH)KEHEPHBIX PEKOMEHIALMI IIPU IPOEKTUPOBAHUY U OLIEHKE PHUCKA PEaJIbHBIX
JJIEMEHTOB, U3TOTOBJICHHBIX M3 3TOI0 MaTepuaa.
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