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ConpoTuB/EHNE KEPaMUKM Pas3pyLUEHNIO: MeTO[, CKa/lbiBaHWNSI KPOMKM

I. A. loroyn, B. N. NaneHko, 6. L. O3epcknii, T. A. XpucteBny

WHcTuTyT npobnem npouHocty vw. . C. MucapeHko HAH YkpanHbl, KreB, YkpanHa

MN3yyeHO cOnpoTUBAEHWNE pa3pyLLleHN0 MaKpOOLHOPOHbIX MMHERHO-YNPYTUX KepaMuyecknx MaTe-
pnanos W3 OKCUAOB UTTPUA, CKaHANS W anNlOMUHWA, a Tak>Ke U3 JUOKCMAA LMPKOHUA W HUTpuga
KPeMHUA NpU CKanbiBaHWM KPOMOK MPSAMOYroNbHbIX 06pasLoB MHAeHTOpoM Poksenna. MokasaHo
COBNajeHne NONyYeHHbIX OLEHOK C pe3ynbTaTaMu UCMblITaHWA Ha BA3KOCTb paspyLleHus, Bbinon-
HEHHbIX N0 MeTOAY MCNblTaHua o6pa3yos 6an04HOro TuNa ¢ OAHOCTOPOHHUM V-06pas3HbiM Haj-
pe3om. Tpu nCMbITaHWAX WM3Mepsanach Harpyska, Bbl3blBaBllas OTKOMN YacTW KPOMKM, W pac-
CTOsAHME Ha NOBEPXHOCTM 06pasuya OT 3TON KPOMKW [0 MecTa popmupoBaHus oTkona. OTHo-
LWeHne 3THUX BENMYWNH paccMaTpnUBanoCh Kak xapakTepucTnKa BA3KOCTW 0TKona. AHanu3 faHHblx,
6asupylowuniica 6onee yem Ha 100 onpegeneHnsax, nokasan, 4TO OHU CTATUCTUYECKN [OCTOBEPHbI.
Takoii MeTog UcnblTaHuii, HasbiBaeMblii METOAOM CKanblBaHUA KPOMKW, MOXKEeT MCMNONb30BaTbCS
HapaBHe C N3BECTHbLIMWU MeT0famu onpeAeneHna TPeLWNHOCTONKOCTMU KepaMuku. Ero npumeneHme
0CO6EHHO LenecoobpasHo B Cnyyae ecnum Kepamuyeckoe u3fgenve no pasmepy CONOCTaBMMO CO
cTaHfapTHbIMM ob6pasyaMn MAM Npu NPOBEAEHWU WUCCNefOBaHUii AOPOrocTOAWMX MaTepuanos
(Hanpumep, HaHOoKepamuka).

KniouyeBble CNoBa: KepamMmKa, CKa/lbiBaHVEe KPOMKW, KpaesBas BA3KOCTb paspy-
LLeHNA, NHAEHTUPOBaHWME.

Introduction. Ceramics are widely used in industry, medicine, and everyday
life. Being brittle materials, they can undergo catastrophic failure in operation,
e.g., even first efforts to manufacture ceramic gas-turbine blades have revealed
this critical tendency [1]. An increased sensitivity to stress concentrations and low
resistance of the edges to flaking, which can account for uncontrolled failure, also
cause certain concern.

With an improvement in the characteristics of ceramics and a continuous
growth in production volumes of ceramic items, fracture resistance of these
materials attracts the particular attention [2, 3]. In this connection, corresponding
national [4], European [5], and international standards [6] are developed as well
as comparative evaluation of methods for studying their fracture resistance
(Round Robins organized by ESIS, VAMAS, and Japan Society of Fine Ceramics
[2]) is performed with the participation of leading specialists of the world.
However, in all the cases, ceramics are commonly considered as elastic-
deformation materials whose mechanical behavior corresponds to the solid model
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of linear fracture mechanics [7]. But this is true only for homogeneous ceramics,
especially for those materials that do not undergo phase transformations, switching
of ferroelastic domains, and other effects changing their crystalline structure and
deformation behavior under loading. At the same time, heterogeneous ceramics and
different ceramic composites that are deformed inelastically under loading and
that do not exhibit catastrophic failure practically escape notice though their
production and application grow constantly (in other words, fracture toughness
tests do not take account of their mechanical behavior [8]).

The problem can be solved with nonconventional approaches to the
evaluation of fracture resistance of ceramics (recall that our remote ancestors
choosing stones for weapons and tools, which like ceramics are brittle materials,
did not start from any scientific approaches in their practice). Therefore, a study
[9] is of interest because it demonstrated that upon flaking off the specimen edge
of the brittle material, the load-chip size ratio remained constant irrespective of
applied loads. These authors [10] proposed a method to evaluate fracture
resistance, according to this method, the specimen edge is flaked off with an
indenter in the point chosen with a microscope. The relation between the load Pf
flaking off the specimen edge and the distance d from the point of its application
to this edge (Fig. 1) was termed the edge toughness M. It was shown to be
constant (independent of loads) for tested brittle materials. The edge toughness M
- elastic energy release rate Gic [7] relation was derived for a number of such
materials (from glass to superhard alloys) [10] (Fig. 2a). Similar studies on brittle
materials (including tool steels) are described elsewhere [11], which confirmed
the validity ofthe M —Gic relation. But it was noticed that the relation between
the edge toughness M and the critical stress intensity factor Kic was not
observed. By convention this test method can be termed the flaking method with
a fixed loading point, it was also used by other authors for studying different
ceramics [12, 13]. As it was revealed [14, 15], of the materials under study [10,
11], ceramics do not demonstrate an unambiguous relation between M and Gic

values (Fig. 2b).

Measurement point

Fig. 1. Surface of the specimen in the indentation direction: (/) specimen; (2) chip. (Other
designations in the text.)

The test method* with an arbitrary loading point [15, 16] also based on
findings [9] appeared to be more effective.

It consists in that the indentation point near the rectangular edge of the
polished specimen is chosen visually (or by a magnifying glass). The load P f,

* Edge fracture (EF) method.
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flaking off a part of the edge, is applied to the indenter. Then the fracture distance
L (Fig. 1) is measured on the specimen using a microscope (in our case Olympus
BX51M, X1000), this accounts for real fracture patterns of ceramics during their
testing. An indentation point is displaced arbitrarily, therefore, the variation of the
distance L is of random nature since an exact visual positioning of this point is
impossible. The load - distance L relation was used to calculate the flaking
toughness Et.

M, N/nmi M, N/mni

a b

Fig. 2. Edge toughness M - elastic energy release rate Glc relations for brittle materials (a) and for
ceramics (b) [15, 17].

Since the EtR value* for the tested material is constant (Fig. 3), it can be
regarded as its mechanical characteristic. It was shown [15] that the flaking
toughness - critical stress intensity factor relation appeared to be close to linear
for many materials. At the same time, the tests do not require special equipment
completed with a microscope.

pt, N

O GPSSN

Fig. 3. Fracture diagrams for AI203-2 and GPSSN ceramics.

Having regard to the importance of the problem and taking into consideration
that research [15, 16] (as [10]) was based on a limited number of experimental
data, the present investigation, built upon statistically reliable results, is aimed at
the development of a standard method for testing fracture resistance of ceramics.

* The designation of flaking toughness bears an additional symbol R showing that the Rockwell
indenter was used in the tests.
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Materials and Methods. At the preliminary stage, steps were taken to
improve the accuracy of experimental results and to thoroughly choose ceramics
for the tests. In particular, the system for fixing the specimen on an X —Y table
of a CeramTest universal loading device [2, 15] was modified. In the tests, the
Rockwell single-crystal diamond indenter made to special order by Gilmore
Diamond Tools Co (USA) was used (indenters of domestic production contained
multiple uncontrolled defects). Unlike previous investigations, the present study
used only this conical (without ribs) indenter since its use eliminates a rather
complicated operation of its orientating relative to the specimen edge.

As earlier [15, 16], the single-edge V-notched beam (SEVNB) method was
used to determine the critical stress intensity factor Kic with the flexure of a
V-notched rectangular beam. This method is suitable for testing different ceramics,
it provides reliable experimental data based on a limited number of tests [2, 5].

The tests were performed on the specimens in the form of rectangular beams
of a 3 X4-mm cross-section with an edge radius of about 20 //m whose surfaces
were polished with diamond paste after grinding. These specimens were first used
for fracture toughness evaluation by the SEVNB method, then on their fragments,
flaking toughness by the EF method was determined. All the test results, analyzed
below, are statistically reliable, based on the data of more than a 100 experimental
determinations.

The prime object of this study is to demonstrate that macrohomogeneous
linear elastic ceramics, tested normally by conventional (standard) fracture
toughness methods, can show similar results in EF tests.

In the majority of cases, as for Round Robin fracture toughness tests (e.g.,
[17, 18]), ceramics were industrially prepared, they were linear elastic materials,
their mechanical behavior was earlier investigated, which eliminated any
unexpected additional effects during testing. Ceramics were different not only in
their chemical composition but also in fracture patterns and granularity.

Ceramics of primary emphasis were produced on the basis of alumina
(Al203) in Italy, zirconia (Y-PSZ) in Ukraine, yttria and scandia (Y203 and Sc203)
in Russia, silicon nitride (GPSSN) in Switzerland and (SiaN4) in Japan. Australian
Mg-PSZ ceramics were an additional object of investigation (Table 1).

Results and Analysis. Test results (as in other similar studies) were used to
construct fracture diagrams (Pf —L relations) with linear regression approximation
of experimental data, flaking toughness (EtR) values were calculated from the
equation Pf - EtRL + AP, where [P is the magnitude of approximating line
displacement along the Pf axis (Fig. 3). As it was mentioned above, flaking
toughness can be the ratio of the load Pf to the fracture distance L. Thus, the
arithmetical mean of this ratio was also determined for each material. In this case,
to exclude possible confusion, flaking toughness was designated as FT. It should
be noted that experimental data, used in the analysis and summarized in Table 2,
demonstrate a certain difference in flaking toughness values with different
approaches to their calculations.

The test results became the basis for plotting the ERR —K ic relation (Fig. 4a),
which exhibits a certain scatter in data (as a similar diagram [16]). To clarify this
phenomenon, the correspondence of data distribation to the normal law was
examined, the latter being the basis for the linear regression analysis [20] used in
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EtR calculations. The statistical test revealed (Table 3) that in many cases,
experimental data obtained in EF tests did not correspond to the normal distribution
of random values (Fig. 5), which was not given proper attention. Therefore, the
data (Table 2) were also used to construct the FT —K Ic diagram (Fig. 4b). The
Figure demonstrates that this diagram, as the EtR —K ic diagram, is linear but
exhibits a somewhat smaller scatter in data. The analysis confirms that ceramics
with zero fracture toughness possess practically zero flaking toughness, which is
indicative of strong grounds to employ the EF method along with conventional
ones for fracture toughness testing of ceramics. Moreover, it is more appropriate
to calculate flaking toughness as the ratio of the load Pj- to the fracture distance
L The FT —Kic diagram can also be considered the basis for comparative
evaluation of the fracture resistance of linear elastic ceramics, which is of interest,
especially in those cases when it is impossible (or inappropriate) to prepare
standard specimens for conventional fracture toughness tests because of a limited
guantity of a material or its high cost.

Table 1
Characteristics of Ceramics
Ceramics Nomen- Density p. Brittleness Elastic Strength References
clature g/cm3s measure modulus a, MPa
X E. GPa
Alumina Al1203-1 3.70 1.0 232 322 -
Zirconia Y-PSZ 6.05 1.0 197 425 [2, 3, 15]
Y ttria Y 203 4.77 1.0 155 60 [19]
Silicon nitride GPSSN 3.23 1.0 320 920 [2, 3, 15, 17]
Silicon nitride SisN4 3.16 1.0 273 468 -
Alumina Al20s-2 3.49 1.0 322 269 -
Zirconia Mg-PSZ 5.62 0.8 183 550 -
Scandia Sc203 3.79 1.0 218 110 [19]
Him FNnm
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Fig. 4. Flaking toughness EtR - load Pf (a) and FT —KIc (b) relations for the ceramics under
study.
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Table 2
Experimental Results
Nomenclature Klc, Number Flaking toughness

MPa em1/2 of chips Linear approximation FT,

ER, N/mm AP, N N/mm
Al203-1 3.06+ 0.15 138 370.5 —18 308.6+ 38.6
Y-PSZ 4.96+ 0.18 125 533.3 —9.3 4753+ 47.2
Y203 3.14 + 0.06 113 332.3 —5.7 291.5+ 55.0
GPSSN 5.36+ 0.34 100 567.3 —11.1 501.7+ 66.5
Si3N4 4.32+ 0.12 154 404.4 —1.6 394.2+ 29.4
Al203-2 2.93+ 0.08 140 328.8 —10.5 266.0+ 431
Mg-PSZ 470 0.40 158 540.8 —45.6 392.0+ 63.2
Sc203 1.49+ 0.02 71 160.1 —2.3 1455+ 31.8

Note: + is the standard deviation.

Table 3
Statistical Test of Chip Size Distributions on Ceramic Specimens

Nomenclature Normality criteria
Shapiro-  Anderson-  Martinez- Kolmogorov- D ’Agostino
Wilk Darling Iglewicz Smirnov skewness Kurtosis
Al1203-1 + + + + + +
Y-PSZ + + + + + +
Y203 + + + + + +
GPSSN + — — + " .
Si3N4 - — — — + —
Al1203-2 - - — + — +
Mg-PSZ — - — — — +
Sc203 — — — — — +

Note: (+) accept, (= reject.

]
250 320 13S0 460 5J0 PT,N/nim

Fig. 5. Histograms based on statistical data analysis for different ceramics: (a) Y-PSZ; (b) Si3N4;
(c) Mg-PSZ.
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Fracture diagrams are worthy of notice because they clearly demonstrate the
scatter in experimental data and the behavior of the material upon fracture. These
diagrams, being linear for linear elastic ceramics, appeared to be nonlinear (e.g.,
Fig. 6) for inelastic ceramics. It is probably associated with the fact that an
increase in the chip scar surface (fracture surface characterized by the fracture
distance L) caused an increase in the fracture resistance of these ceramics (EtR in
Table 2 corresponds to linear data approximation). For example, if the diagram
(Fig. 6) is divided into 0.1-6.3, 0.30-0.45, and 0.45-0.60-mm portions, the ER
values are equal to 410, 601, and 821 N/mm, respectively. When the calculations
employ tangents to this diagram, the curve similar to the R-curve can be derived
[7]. By this is meant that the fracture toughness evaluation for such ceramics by
conventional test methods is not legitimate (it also refers to FT values). It should
be noted that similar results are obtained by the analysis of R-curves, which is
quite a complicated experimental problem. In connection with the above, the test
results for these ceramics are not included in the diagram (Fig. 6).

P-N

200

100

01 02 03 04 05 06 L mm

Fig. 6. Fracture diagram for Mg-PSZ ceramics.

Finalizing the analysis of results, it should be remarked that chip scars,
formed on the same specimens during their testing by the same procedure, are not
always “expected” (symmetrical or similar to each other), their shape is not
always the same for different ceramics. This issue would be studied thoroughly in
further investigations devoted to this problem.

Conclusions. The results of this study show that fracture resistance
determinations by the EF method for the ceramics under study are proportional to
critical stress intensity factor values obtained by the SEVNB method. This
confirms the earlier conclusion that flaking toughness can be considered as a
fracture toughness characteristic of ceramics. The investigation corroborates the
performance and potentials of a fundamentally new method for studying the
fracture resistance of ceramics (EF method).

Pe3stome

BrBYeHO onip pyiHYBaHHIO MaKPOOAHOPIAHUX MPYXHO-MIHIMHNX KepamibyHUX
MaTepiasniB 3 OKCUAIB ITPitO, CKaHAI0 N a/IloMiHIl0, a TaKoX i3 AioKcMay UMPKO-
Hil0 Ta HITPUAY KPEMHIO NPV CKOOBaHHI KPOMOK MPSAMOKYTHUX 3pasKiB iHAeH-
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TopoM Pokeenna. NokasaHo, L0 OTPUMaHi OLiHKW 36iratoTbCs 3 pesysibTaTamu
BMNpPOOyBaHb Ha B’A3KICTb PYHYBaHHSA, SIKi MPOBOAATLCA 3a AOMNOMOIOH MeToLy
BMNPOGYyBaHHA 3paskiB 6a/louHOro TUMy 3 OAHOCTOPOHHIM V-nofibHuM Hag-
pizoM. Mpy BUNPoOYBaHHSAX BUMIPHOBA/IOCA HaBaHTaKEHHS, SIKe MPU3BOAW/IO0 [0
BiKO/Ty YaCTMHW KPOMKM, i BiACTaHb Ha MOBEPXHi 3paska Bif Uiel KPOMKM [0
Micusa hopMyBaHHS BifKoy. BigHOLWEHHA UUX BEIMUUH PO3r/ifganocs sK Xapak-
TePUCTMKA B’A3KOCTI BifKOMy. AHani3 gaHuX, Wwo 6asytoTbes 6isbll 9K Ha 100
BM3HAYEHHSIX, CBIAYUTbL MPO X CTaTUCTUYHY AOCTOBIPHICTL. Takuii MeTog BUMPO-
6yBaHb, Ha3BaHWI METOLOM CKOJIOBAHHS KPOMOK, MOXE BUKOPUCTOBYBATUCS
HapiBHi 3 BiJOMWMM MeToJaMV BU3HAUeHHS! TPILLMHOCTIKOCTI KepaMiku. oro
BMKOPUCTaHHA 0CO6/IMBO AOUINBHO Yy BUMaAKy, SIKWO BUPIO i3 Kepamiky 3a
po3MipaMmn MOXKHa MOPIBHATK 3i CTaHAAPTHMMM 3pasKamu, abo Mpu MpoBefeHHi
JOCNipKeHb JOpPOrMx Matepianis (Hanpvkniag, HaHOKepamika).
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