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Fracture Toughness Testing

CoRiel & K. Kromp*

LY HERY L AT N YT i Metallorsahung, institut B Werkstollw issenschation,
1Y 2000 Sennpant 1, Seestlle 9} e i

FINTRODUCTION: FACING A PROSIIEM

A basic assumption of lincir clastic Fraciure mechanics is the existence of &
critical stress intensity actor, Ky, which controls the initation of liacure.,
Under certain circumstinees this critical value can e regarded as g
mraterials constant, the “fracture toughness’, K, . The desipnation “‘materids
constant’ for the Iracture foughness means that, for specific material, the
danger posed by i defect in a loaded stracture comprising this material is
lally charicterised by this single parameter. This is normally a conservative
approach because Ay is the A value under plane steain conditions, that is
the Tosest possible K e-valuoe,

It dous not seem to be necessiry to point out here the high imporiimee of
the knowledpe of this nuterials constant for technical pusposes. The
padticular precantions which must be observed while testing in order to
puariniee Ay to be a maderials constint ase well known for metals and
lloys evemin cises where the material's behaviour is fnt from lnear elastic,
Asaaesult, the procedue For measuoring a Ay -value has been standardised
by the ASTA in 139983 Ceramic materials, at least i low lemperiatures,
e he considered 1o be lincar clastic, This Tact seemts 1o dree the
experintenter from the problens. always connected with metals and alloys, of
obscerving certain requirements in size for the specimens in order 1o obtain
true Kye-values from Ky -tests. Since the grain size of @ ceramic naterial can
he neglected companed with the specimen size (w hich is usually troe even [or
very small test picees). there should be ne problem in ohtaining a trye
marterials constam® by conducting a Ky -test.
¢ Foowhow alt comrespomdenve slonkd b Gpdlessed

MH
I 1 Hheh Fechnodowy Conumcs U20T 702 88 MU S 4 JURN 1 hevier Soremee Pablishers
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Despite these convenient presumplions, K, -measurements on ceramic
materials, even at room temperature, have produced many dilferent results
and shown up maay problems. It seems necessary to standardise one or even
several special procedures in order 10 get true K,o-type materials constants
for ceramics. To the authors” knowledge, the discussion of this problem has
been initiated in the US (Quina, Gi.. 1987, pers. comm.} and also in Euwrope in
Britain, France and Italy. In the I'RG, the German Institule for Industriad
Standardisation (DIN) held a meeting in February 1988, which was attended
by one of the authors. It was announced thiat DN would stant its activitics in
this particular field in June 1988,

The aim of the present work is (o point oul the main problems arising in
Kic-testing with ceramic malerials and (o contribute the resulls of some
specific experiments to defining a standard procedure for Ky -testing, The
present work is confined (o bend tests, beciuse in the authors' opinion these
seem to be the most promising cundidates for a standardised lestling
procedure.

2 STATE OF THE ART

Several problems in K\ -bend testing with ceramic materials e already well
documented. In this section these problems will be discussed first, to show
the relevance of the authors’ own experiments.

2.1 Size requirements: influence of specinien thickness

As alceady mentioned, ceramic materials can be reganded asideally brattle
and thus linear elastic, at feast at room temperatuie. Lhere shouhd be no
special specimen size requirements, especially for thickines. because nnbike
lor metals and alloys, plane strain conditions alwiays eximt § o eyl it
wis shown thal lor an alumina continming 4 plissy plse at 1oomm
temperature it is not necessiry at room temperature to comply exactly with
the ASTM EJ99 size requirements for bending tests. beciuse a variation in
specimen size has almost no influence on the Ki-values (PPabst, 1972). The
saime author showed that a variation in the loaded volume up to a factor of
40 had no influcnce an the results.

A slight influence of thickness could oceur when notches are used to
initiatc [racture instead of sharp natural cracks. This influence results from
inhomogencilics in the noteh root originating from the combined effect of
the polycrystalline structure and the diamond grit of o saw blade. There
appears to be a dependence on the ‘surface structure” of the notch root
similar to the dependence of the hend strength on the simiace finish. An
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attempt was made to modily Weibull statistics 1o saccound Tor the defects
along the length of a nolch root (Tradinik ¢r of. 1982). This statistical
investigation showed 1hat the influence of thickness on Ky was very small.

Summarising at this point, i appears that virriations specimen size,
especiilly in thickness, seem (o have only a small inflecnce on A o-test
results. Therefore, in the present investigation. the size and thickness of the
specimens were kepl constant

2.2 Ioflnence of different fractire-initiating defects

In Ky -testing, evitical fracture starts ot an artificiad “defect’. 1he surface finish
of the specimen, which plays o most inportan role in bend tests, has no
miluence on the resulis in Ky -testing. The anidicial intkading defect can be i
sharperick or 4 notch, The following sttements concerning sharp cricks or
notches for o stanting defect are valid only for Ky-testing al a high loading
rite; for low loading rates there is an additional lording rate inlluence (see
Section 2.3). .

Sharp cracks can be introduced into the specimen by indentation, or in
controlled growth experiments (Chantikul of ol [981: Wieninger ¢f al,
1986). When a shivep crack is used as (he initisting defect for i Ky-test, two
probloms arise:

crack length measurement;
a dependence of Ky on crack length (Ag-corve effect).

Different methods of crack length measurement have been proposed. such as
direct observation during controlled loading. a1 side illumination technigue,
or the identilication of the starting crack length on the fracture surface alter
the Ky -test, These methods produce equivident resalis IWicninges o ol
JORG),

For specific materials such as coarse-prained sdumina, srconia. and for
iamina with a plassy phase (the Litier only al high temperiures),
dependence of the Kye-values oo dhe lengths of the mataral cracks as starhing
detects has been found (Wieninger o1 ol., 1986, 1987), The syimhols (@1 in
Ligs 1 and 2 demonstrate this strong dependence.

Using notches for the starting defects, &, does not depend on the depth of
the notches, ut least at high loading rates (symbols (C)) in Figs 1 and 2). Wilh
notches, another problem arises: the dependence of Ky on the noteh width,
1t was found that, in both 3- and 4-point bending, in the limit of noteh width
-+ O eguivadent to the radius of curvature in the notch root -+ Q). 4 minimum
vitlue ol Ay may be reached (Pabst, 1972: Popp, 19815, In Fig. 3 this is shown
for Ky -measurements with alumina at room temperisture (Bretleld of of,
1981). The symbaols (O)are the mean values of 10 measurements, petfurmed
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at the Max-Planck-nstitut, Stuntgart (the material is the sume as that used
for the present investigation). Figure 4 demonstrites this behaviour for
silicon-infilirated SiC at room temperature (Popp. 1981). Figures | and 2
support this point of view. The crack width necessary (o get (he minimum
Ky~level for the materials discussed above was < 1) jom,

Summarising this section il may be stated that:

with matural, sharp cracks for the starling defect Tor certain ceramic
materiuls a1 low or high temperatures, a strong dependence on the
depth of the crack may appear;

with notches for the starting defect, the dependence on the depth of the
defect vanishes, but a dependence on the width of the soteh irises:
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lesuling rave of DO Ny, O = notched specimens (notch width 6l ik @ - specimens wilh
natual s p cracks (Wieninger ¢ af . 1987
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with netch widths below a certain limit (< m), both the
dependence on depth and on width of the starting delect seem to vanish.

In the present investigation, therelore, sturting defect noches with widihs
oFibout 60 pm were used. However, it should be noted that these statemetits
on notch width cannot necessarily be generalised for wll materials, but the
principles probably apply to most of them.

2.3 Inftuence of loading rate aml temperature

AL roam temperiture in air, a slight increase of Ayc-values with loading rawe
wats Tound For aluming materials (Kromp & Pabst, 1981 Bretteld of of.,
PORT) D ipure 5 shows this loading-rate dependence Tor pure alumina and for
the siame alumina with o glassy phase used in the presert mveshgation. The
reason for this dependence is suberitical crack growth in a corrosive
environment. such as air, taking place prior 1o fust fracture it low loading
rates. This subcritical crack growth is usually not accounted for when
calculuting A,

At high temperatures Tor two-phase materials (alaming with o plassy
phase, silicon-infiltrated $iC, and $i,N, with sintering aids) in certain
temperature ranges where the second phase changes o a viscous or plastic
state, a strong dependence on loading rate appears. This dependence is
demonstrated in Fig. 6 for alumina with 2 glassy phase at 900 O For
comparison, in the same figure the pure aluming exhibits only a shght
dependence, similar to that al room tempermure,
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On the other hand, the state of the second phase gives risc 1o a strong
temperature-dependence on K, in the low loading rate range. Both the
loading rate and the temperature-dependence are demonstrtied in Fig. 7 for
silicon-infiltrated SiC. Summarising this section:

-at low temperatures, subcritical crack growth and thus conosion gives
rise to a dependence on loading rate:

]
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al igh temperatures, the change in the viscous or plastic state of a
second phase gives rise 10 a strong dependence on temperature and
loading ratc;

these dependences should vanish if very high loading rates are applied.
This point is the subject of the present fvestigation,

2.4 Inltuence of loading cquipment

I tests ol the bend strength in 3- or 4-point bending, the size of the loaded
volume has a stiong influence on the result. Also, there is an intluence
resulting from loading on knife edges, raund-ground edges ¢ lixed rollers), of
fiee-mosing rollers.

Lot Kj-testing, o the avthors” knowledge, there is Bittle information on
this dependence. I general, any effect should not be as marked as in bend
strength tests; fin exanple, there should be no dependence on loaded
volume. The only effect could be a result of friction from using fixed-edge
supports instead of roller supponts. This ellect is abso a subjeet of the presest
investigation,

Y EXPERIMENTS

The aim of the present investigation is to estiblish experimental comditions
for Ky -lesting 1o abtain a troe "materials constant’. As afrcady indicated,
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the investigation is restricted 1o the bend test, which is a prnl_ni.\iug candidute

for such a test procedure, OF the group of parameters that influence lhg test

results, some are held constant and the more impartant ones are varied.
Taken as constant are:

the specimen thickness 8 and height W (Section 2.1):
---the notch width and depth (Section 2.2).

The parameters which are varied are:

~-the testing temperature (Section 2.3);
- the loading rate (Section 2.3);
- the testing device {Scction 2.4).

3.1 Experimental equipment

The tests were performed in @ vacuum vessel connected 1o a hydrapulsing
system. lo guarantee quick response at high loading rates. The high
temperature was achieved by induction heating using a MoSi, susceptor
tube. The susceptor was insulated from the water-cooled induction coil by i
thin-walled alumina tube. The vascuum vessel and the 4-point loading jig (see

below) are shown in Fig. 8.
The experiments were performed under loud-control (stress rate

Fig. 8. Vacuum vessel with 4-paint bending device with rounded-cdge supports (radius
25 mm) at 100 C in ajr.

Fractie tomelig hestiy et

4 = constunt). The load-time relation wits registered on iransient recording
system. | our different loading systems were tested:

a 3-point knife-edge Support; sapphive single-crystal rods with diameter
of 1ttmm, machined to kuife edges: span § = Mmay:

i Y-point reunded-edge support; the radius of curvature ol the edpes
was 25 mm. machined (rom alumina rods with diameter of 10mm:
span S - 30mm;

it 4-poini rounded-edge support {lixed-rolter suppart’); the radius of
curvature of the edges wirs 2-Smm, muchined from alumina rods with
dianeter of 10 mm; ouer Span § = d0mm, inner span § - I - Ximm
{ee Fip Ky,

a d-point free-roller support; roller dicmeter - Smm: outer span Y =

A0mminner span § - e . 30 mm.

The complete experimental systenincluded: sacoum vessel, hydropubsing
system, induction healing system, temperature- and Toad-congrol units,
transient recorder, v v recorder and coniputer.

3.2 Experimemtal conditions

An aluming with 3% wy ghassy phase, a0 mean grain size of 10um, Young's
modulus 360 GPa and o density of 382 x HP kg were used us tnodel
miterial for the experiments.

The specimens hil lengths of 68 or 3 mm, a thickness 8=255¢
027mm and o height W -- 70 + 025 mm. They were notched 10
a notch length 1o height ratio o2 W = 017 £ 003 by means of a dizmond-
covered copper blade with a thickness of 30 g resulting in i notch widih of
itbout 60 son.

Experiments were performed a1 room lemperature and at 1100 C. The
inertia of the inductive heating system heing very low, the level of | 100 C
wits reached 5 min.

A cross-head speed of the order e, min is usually chosen for techmical
convenience in Ky -lesting. With displacement and span for the individual
specimen size and material used jn this investigation, a corresponding stress
rate of d = ISMPa/jst was calenlated. This refatively low stress rate was
applied in the present experiments in order to allow o compirison of the
results with those fromt other investigitions,

t The caleulated stressing rate is based on the rare of application of foad te g sobid beam
showing the same flexural characteristics as the notched heam in question, and is thes o purcly
nontinal rale unectited to the acutal siress ficld in ahe specimen.
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It should be emphasised here that an experiment performed at a constant
cross-head speed is an uncontrolied experiment, for neither load nor dis-
placement are cantrolled.

Additionally, a very high stress rate of d = 10000 MPa/s was chosen to
rule out all effects that arise at the low stress rates {see Section 4). The strass
rates were individually calculated for each specimen becausce the dimensions
of the specimens varied by a certain amount as stated above.

Seven experiments were performed for each test condition; the mean and
maximum deviations of these groups of seven experiments are presented.
For the calculation of the K.-values, three different geometric correction
functions Y{a: W) were employed: Srawley (1976), Steigerwald (1970) and
Brown & Srawley (1966). The results were almost identical; the first (Srawley,

1976) was generally used for the further calculations.

4 EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Influence of the testing device on K, -resuits

At first, experiments with the four different loading jigs were performed at 20
and 1100°C. To attempt to rule out the expected influence of corrosion at
20°C and the influence of the second phase at 1100' C, the high stress rate of
10 MPa/s was applied in both sets of experiments. Figure 9 shows the
results. It is obvious that the levels of Kic-values are diflerent for 20°C
{Kic=381) and 1100°C (K, = 297). This decrease with increasing
temperalure was expecied.

The 3-point knife edge, and the 3- and 4-point rounded-edge support
systems gave nearly identical results at room temperature. Only the 4-point
free-roller system led to a 5% lower value (Fig. 9). This result could also be
expected, because fixed-support systems give rise o friction between test
specimen and support, and thus to higher sustained loads prior to fast
fracture.

Unfortunately, a free-roller support for high temperatures was not
available. Therefore, this friction effect could net be demonstrated at
E100“C. Only the fixed systems could be tested at the high tempcrature, but
the 4-point rounded-edge support sysiem obviously produced higher
friction than the 3-point systems (Fig. 9).

Additionally, at the high temperature the influence of a misalignment was
tested for the 4-point rounded-edge support. One of the inncr support edges
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was lurned by 20" in the plane of the specimien. The influence of such a
misalignment was very small (Fig. 9.
Summuarising this section:

- 3- or 4-point testing devices give equivalent resulls, which would not be
true for bend strength measurements;
friction effects have an influence on the results: systems with fixed
supports show higher values than systems with free roliers. At high
lemperatures for the systems with fixed supports, the 4-poimt sysiems
show higher values than the 3-point systems.

It should be mentioned here that the lree-roller system was not lree to
pivot about an axis parallel to the length of the specimen—this point nceds
to be investigaled separalely. Il the specimens are well machined, ie. the
surfaces are plane and parallel, then in the authors' opinion the ahsence of
ability to pivot should have little influence on the result,

Al these deviations are less than 10%. If onc recognises the scatter of the
mcasurements for the particular testing jigs (the maximum deviations for the
particular devices are shown in Fig. 10), it could be stated that for K-
testing, the influence of a specific loading device on the resulls is not
significant.
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mean valucs + maximum deviation,

Concluding this section, it is found that the 3-point knile-edge support
system shows the smailest scatter, especially at the high temperature. It ma y
well be that this system is the best for defining the test conditions (see
Fig. 10).

4.2 lafluence of loading rate and temperature on K, -results

As already discussed in Section 2.3, the loading rate and the testing
temperature mutually influence the resulis of Kic-testing. The following
measurements were all performed with the 3-point rounded-edge supports.
Toclarify the infuence of water-vapour corrosion, measurements in air were
compared with measurements in a vacuum of 5§ x 102 Pa.

At the high stress rate of [0* MPa/s, the results of the measurements in air
and in vacuum at 20°C were identical, At 1]00°C, the result for the vacuum
measurement was at a slightly higher icvel compared to the test in air, but the
scatter bands of both tests overlapped { Fig. 1). Both vacuum results at the
very high stress rate were about the samc as the measurements in air already
shown in Fig, 9.

The low stress rate of 4 = 35 MPa/s, corresponding 1o the loading rate
commonly used, gave a variety of results. For this low rate, the result in the
corrosive environment at room temperature was distinctly lower {15% less),

lempeiaturs 0%C temperoiure OO

t

' w0 H

'5 Ig '

1

] i3 » :

=:= b |'
al & i
18 él T
] x=|,¢:N g

Fracture toughness tesimge 13

Kie. MPgmbii?
~
=

i H

1
] ¥
i ]
]
: t
: b1 ! !
| ]
H 1
n N " n : |
. ' ' !
10 e R L S 2§ L S -
() ] L L™ TR [ L L LI ith}
&. MPary

Fig. 11, Infuence of loading rate on Ky -results (siress rates of 35 and TN % b e
and i vicuumn {mean values + mean deviation): {a) at room temperature, (b at 1000 ¢

while the value in vacoum was at about the same bevel as the high stress rate
result(Fig. t1). Only suberitical erack growth prior 1o Tust racture could be
the cause for this deviation in air. From the fracture surfaces, this fact could
hardly be detected. In general, the fracture surfaces for the Jow stress rate in
4n air environment appear more intergranular than those of the speciniens
broken al the high stress rate (compare Figs 12(a) and (b)).

ALLI00C, the results for the low siress rate were higher thin those for the
high stress rate (Fig. 11} this fact was noted previously (see Fig. 6).
Subcritical crack growth, which a1 these lemperatures can only result from
thermally activated processes, does not play an important role. This high
level of Ky-values at the low siress rate may result from the blunting of
microcracks by the viscous ow of the glassy phase. Viscous flow is energy-
absorbing and results in a higher K.-level. This can be observed directly on
the fracture surfaces; an example is given in Fig. 13. The glassy phase covers
the grains and moves 1o triple junctions, thus blunting microcracks, which
starl predominantly from these positions (see especially Fig. 13(b), a1 the
lower fefl of the picture).

To summarise this section;

at low loading rates and temperatures, corrosive subcritical crack
growth takes pluace and reduces the level of the Ky-values;

- at low loading rates and high tempezatures, energy-absorbing eflects
caused by the low-viscosity state of the second phase occur and thus
raisc the K, .-values:
at very high loading rites, these effects do not vccur.



0%

17 C. Rief, K. Kromp

(b}

Fig. 12 Fracture surfacces at diffcrent stress rates (a) 35 MPa/s, and (h) Ill}“' MPa/s; room
lemperature in air. The notch root-appears at the foot of the images,

Fracture toughness testing . 315

(b)
Fig. 13. Fraclure surface: siress rate 35 MPa/s at J1100°C in vacuum. The noich root
appears al the foot of the images. Image (b} shows detail from imiage fa).



Hs C. Rief. K. Kromp

5 SUMMARY AND CONCLUDING REMARKS

The bending method is a promising candidate for a standard K, -tcsting
procedure. First, the influences of the specimen dimensions, the fracture-
initiating defect, the loading rate, the temperature and the use of specific
loading fixtures were discussed. Then, expesiments were presented using an
alumina with 3% wi glassy phase as a model material to clarify the influence
of a specific loading jig: i.¢. 3-point bending with knife-edge supports; 3- and
4-point bending with rounded-edge supports (“fixed-roller supports’); and 4-
point bending with free-roller supports. Additionally, the influence of 1wo
extremely diflerent loading rates {stress rates of 35 MPa/s and 10000 MPi/s)
and two different temperatures (20 and 1100°C) was elucidated by the
experimental results,

The following conclusions for the establishment of a testing procedure lor
the measurement of K\ as a ‘malerials constant’ can be drawn, provided that
a notch of width < 100 sm is used for the starting defect;

with different loading fixtures, the results differ by only a few per cent;
therefore a 3-point bending system with knife-edge supports would he
suitable, because it is easier to use compared with 4-point lrec-roller
systems, especially at high temperatures;

-~the commonty applied loading rales (cross-head speeds) in the range of
I mm/min are to be avoided, because they produce conditions where
the influences of corrosion at low temperatures and of a second phase al
high temperatures is greatest:

—very high loading rates should be applied, because with these the
influences of corrosion and second phases vanish.
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Crack resistance curves of alumina and zirconia

at room temperature
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Ceramic threa-point bend specimens were pre-cracked in a displacement-controlled test in sir
a1 room temperatura o form sharp cracks of different lengths. Critical stress intensity factors
{(K,c) were then measured as a function of sharp crack length in a fast-fracture, load-
controlled test. Crack resistance curves (K, against crack length) were determined for three
commercially pure aluminas of different grain size, a debased alumina containing a glassy
phase. and a partially stabilized zirconia (PSZ) material. The crack resistance curves proved to
be flat for the finer-grained and the debased alumins. A steeply rising crack resistance curve
was, however, observed for a pure coarse-grained alumina material which is explained by fric-
tion effects of the cracked microstructure behind the measured crack front. The effect is influ-
enced by the test procedura itself. Though crack branching takes place the crack resistance
curve of PSZ is completely fla1, which is attributed to fast fracture testing where only the most

dangerous flaw i activated.

1. Introduction

Ceramic materiais are normally completely brittle at
room tcmperature, The brittieness implies that lincar
elastic fracture mechanics is besi suited for fracture
toughness measuremenis and subcritical crack exten-
sion characterization. It may be assumed that the frac-
ture toughness valuc turns oul (o be & matenial con-
stant independent of crack length.

In contradiction 10 these presumptions it was found
in an earlier paper (1] that fracture toughness data
measured with sharp cracks showed a strong depen-
dence on crack length, in which the fracture toughness
or crack resistance increases with increasing crack
length.

The ioad -displacement records of the experiments
leading to this dependency were performed in a more
or less controlled manner, and showed increasingly
non-linear behaviour with increasing sharp, natural
~rack lengths [2].

In analogy with plasticity reactions with metallic
materials the effect was first explained by a “process
zone™ of microcracking ehead of the actual crack tip,
the size of the microcracks being typically of the order
of the structural clement (i.c. the grain size). The rising
crack resistance curve was then explained by an
enlargement of this “process zone™ with increasing
crack length, in compiete analogy with the increase in
the size of the piastic zone found in metallic materials.

However, as a “*process zone” could not be detected
{2) it was then aliernavively argued [1, 2] that friction
effects or adhesive forces at the crack surfaces bekind
the actual crack tip cause the unisual behaviour.

* Present addresy. Miaa-Planck - Insti fur Mesallf 5

These arguments were supported by measurements
with narrow notches which guaraniee traction-free
crack surfuces. it could be proved that crack resistance
curves mcasured with narrow notches are completely
flat (1] (Fig. . Meanwhile similar behaviour was
found by other authors [3-6] and a broad discussion
has developed about the pre-conditions and the nature
of this strange phenomenon.

The existence or non-cxistence of a nsing crack
resisignce curve has very important practical conse-
quences: the question is whether & single [racture
toughness parameter is sufficient to characierize cata-
strophic failure or if a crack resistance curve is neces-

As mentioned above, the fracture toughness data
(as a function of crack length) were evaluated from
more or less subcritical, displacement-controlied tests
which can causc crack branching and microcrack
formation. If fracture toughness should characterize
the ca A8t phic failure in & linear elastic test, then
rapid, load-controlled experiments should be per-
formed, as in the present work. Nevertheless, sharp
cracks of distinct lengths have 1o be introduced by a
displacement-controlied subcritical test procedure.

For the cxpcrimenis & varicly of maierials were
chosen with different tendencies towards secondary
crack for ion and mi king.

2. Experimental procedurs
The K, curves were determined as listed below,

2.1. The precracking process
Three-point  bend specimens Tmm x 2.5mm x

ONYI_NAALIGK ENT DN & 1Y ™ 1084 Chansas and Hall Tod

92, 7000 Stuitgar 1, Federsl Republic of Germany.
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Figure 1 Ky values for ALO,, measured wilh sharp cracked and
noiched specmens ().

40mm in size (span width 30 mm) were noiched to
a normalized nowi depth of 0.2 and then pre-
cracked to the desired natural crack length in a dis-
placement-controlled test in air at room temperature.
The displacement rate of 1 pmmin ~* promotes crack
branching and microcracking. After the desired sharp
crack jength was reached the specimens were
unloaded. The displacement-controlled test was made
possible by using an extremely stiff bending device
with SiC supports together with a stiff testing machine
of very low compliance €, = 0.0109 + 0.0003 um
N-!. The displacement was direcily measured and
controlicd by a linear voltage differential transformer
in contact with the lower specimen surface.

2.2. Crack length measurement

As there is no macroscopic blunting effect with cer-
amic materials the actual crack tip is hard to detect,
The cracked surfaces are close together, which
enhances f[riction cffects behind the crack \ip.
Therefore special attention has o be given to measur-
ing crack lengths and crack elongation during and
sfter the pre-cracking process.

Three methods were used:

(8) Side-light technique (Fig. 2). The crack lengths
were measured after pre-cracking and unioading in &
microscope on both polished sides of the specimen.

(b} Post-test investigation {Fig. 3). After the fast
fracture test the cracked surfaces were investigated. A
transition from inter-granular to trans-granular frac-
ture was detected which separates the precracking
region from the load-controlied, fast-fracture tough-
ness Lest region. The pre-crack front was always found
1o be straight.
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fc) Direct. visual observauon {Fig. 4). The pre-
cracking process was directly observed with a travel-
ling microscope at a magmification of x 250 [7]. Witk
direct observation the crack length could be measured
while the specimen was under Joad. This method faci-
litates detection of the crack tip. The kinetics of crack
growth, secondary crack formation, crack branching
and microcracking may alsc be obscrved using this
technigue.

The specimens were polished but not etched. as the
widih of the grain boundaries is of the same dimension
as the distance of the cracked surfaces near the crack
lip. Table | shows crack length values for 1wo
examples, measured using the three different methods.
There is no significamt difference between the resulis of
the three evaluation methods. The mean scatter in
crack length was fourd to be about 3%.

2.3. The crack resistance curve

The pre-cracked specimens were rapidly loaded 10
fracture in a load-controlled test at a loading rate of
100 N sec™'. Thus subcritical crack exiension was
avoided and a true critical test was performed. The
fraciure woughness K- was then calculated using the
linear clastic equation

PSS
Ke = i‘ﬁra"l’(ﬂm’) ()

where P, = critical load, S = span, 8 = spccimen
thickness, W = specimen widih, a, = critical total
crack length (nowch lengih + sharp crack length),
¥(a/W) = correction function [8).

The K, data are plotied against the total normal-
ized crack lengths a/W, producng the K curve.
Equation | implies that the cracked surfaces are stress-
free or traction-free, where 4. is the crack length
measured. Equation | does not account for friction
cffects and adhesive forces behind the measured crack
tip. Traction-free surfaces are certainly guaranteed il
narrow nolches instead of sharp, natural cracks are
used.

3. Materials
Four alumina matenials of different grain size and
purity were used. Three were commercially pure; the
fourth, Al;O,-S, was of a debased quality with a
glassy phase content of sbout 3wt % Si0, (Table II).
It is well known that the internal stresses of alumina
malerials increase  with incressing  grain  size.
Therefore microcracking and secondary crack forma-
tion, and 1hus the capability for encrgy dissipation

Figwre 2 Crack lengih ecasure-
ment by side-light techmique.



TABLE I Companson of ctack length measurcments

Examples lor scarer Crack length (mm)
Direct Side-light Fracture surfucs Mcan
ohservation wechnique vhaervation value
Mean (Specimen 361} 1182 2432 1m 2371 1 1.3%
| 2626 + 6.0%
i 71 1.367 2608 17
Mazimum {Specimen 571) 2528 274
TABLE 11 Properties of matenals
C inon Grain se Young'y Density
Mutens! (-3':'::" (s} modulus, 20 ((GPa) (kgm-")
ALO, 9% ALD, + J% 5i0, 01l 360 382
Al0,-fg 7% ALD, + 0.1% MgO L} m 14
AlLO,-bio $.0% ALO, + 0.2% MgO 3 » 198
Al -Al 7Y 99.6% ALD, + 0.4% MO Wio 4 150 it
ZrQ,-PSZ Ca + MgO wabilized, 60 210 ins
10vol % ietragonal

should be enhanced with {arger grains. [n this sense
Al Q) -Al 23 has & greater capability for microcrack
formation than (c.g.) ALO,-fg.

The glassy-phase material is thought 1o have less
tendency to crack branching, as the second phase and
the comparatively smaller grains prevent high internal
stresses,

The partially stabilized zirconis Zr0,-PSZ con-
tains about 10vol % iztragonal phase, which is trans-
formed 10 monoclinic phase when the crack elongatey
{stress-induced transformation [9]). This zirconia
matcrial has large grains of nearly 60 ym diameter and
has been found to be suscepiible to crack branching
[10]). Furthermore, the volume change after trans-
formation shouild induce compression forces at the
cracked surfaces. In & subxritical displacement-
controlled test the material exhibits non-linear
stress—strain behaviour [10), which is similar to the
behaviour of coarse-grained alumina.

4. Results ,

The Ko curve (K, against of W) referring to & more
finc-grained alumina material AlO,-bio (Tabie 1),
Fig. 5, shows a lincar dependency on messured frac-
ture toughness a3 a function of normalized crack

length a/W. The straight line, obtained by regression,
remains nearly horizontal at a slope of 0.13, The mean
fracture toughness of K. = 4.1 + 08 MPam'" i in
800d agreement with values obtained using narrow
notches (notch root radius ¢ & 60 um) where the sur-
faces are completely traction-free [ 1}

The regression line of AlLLO,-fg (Fig. 6) shows a
slape of only 0.68. The crack resistance curve may
therefore be considered flat. On omilting the fracture
toughness data for a/W > 0.9 (he slope is even
lowered 10 0.34. As the correction Ffunction rises
steeply to infinity if a/W approaches unity, small
crrors in crack length measurement lesd 1o large
crrors in Kc for a/W > ©.9. This explains the large
scatier at high a/ W vatues. For illustration, error bars
and the ¥ function are drawn in Fig. 6. The mean Ky
value of 4.5 + 0.5MPam'*is in good agreement with
data obtained using narrow notches (Fig. 6), shown by
open symbols; in all the diagrams the error bars for the
Kic measurements with notched specimens are of the
size of the diameter of the symbols.

In contrast with the results above for comparatively
finc-gruined alumina materials, a steeply rising X,
curve was measured for the coarse-grained ALO,-Al
23 (Fig. 7). The results correspond to pronounced

Figwe } Transition from inter-granviar to trams-
granwlar [ surfnce

non-linear stress—strain behaviour during the sub-
critical precracking process. Using the traction-free
linear-elastic Equation 1, the fracture toughness value
increases from Ky = 2IMPam'? a a/W = 0.3
{which is low) up 10 10 MPam"? 5 a/W = 0.9, which
is extremely high for slumina materials,

The broken line in Fig. 7 compares the results of a
subcritical displacement-controlled test (displacement
rate 3ummin') [£2) with those of the critical test
procedure used in Fig. 7 (closed symbols). Obviously
the quality of & steeply rising crack resistance curve
remains the same. The data for the cntical test are
usually located benesth the subcritical ones, indicat-
ing an effect of loading rate and different activating
processes depending on the test procedure. For the
present case the curves seem to be identical.

Notching the Al,O,-Al 23 specimens results jn a
completely flat X, curve {open symbols in Fig. 7). This
gives & sirong indication that the steep rise of the X,
curve may be due 1o friction effects behind the actual
crack front. The mean traction-frec Ky vaive of
notched specimens was about IMPam'?, which is
somewhat lower than the date for the fie-grained
alumina materials.

The Ky curve of the debased aluminn ALO,-S is
given in Fig. . The slope of the regression line is only
0.61. This K, curve may aiso be considered flai. The
mean fracture loughness scatters about 3 MPam'™
and exhibits {somewhat) lower values than that
measured with narrow notches. Obviously the
ALO,-S is more notch-sensitive than the commerci-
ally pure materials, and the notch root radius used
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Figwre $ K, curve for fime-grained pure alumina ALO,-bio: sharp
precracking and fast fraciure in air a1 roofn lempernture {26 C).
The surnight ing has o slope of 0.11.

Figure 4 Crack fength mesure-
ment by direct visual observation
and photography.

(¢ 5 60,um) may be somewhat 100 large to simulate
natural sharp cracks [13].

The crack resistance behaviour of 1he PSZ material
is shown in Fig. 9. The curve remains completely flat,
though crack branching (distinct single long cracks)
was found [10] (Fig. 10). The mean fracture toughness
of the pre-cracked specimens was 4.8 MP3 m'?, which
is nearly identical to data measured from notched ones
(49 + 0.1MPam'?). The results are surprising, as
‘crack branching and transformation-induced internal
stresses should result in friction effects and encrgy
dissipation processes, so that behaviour similar 10
AlO,-Al 23 would be anticipated.

§. Discussion .

It is obvious from the resulls above that the existence
or non-cxistence of a rising crack resisiance curve
measured in & critical test procedure depends on the
type of microstructural features present. Increasing
the grain size in alumina materials increases the inter-
nal stresses and the potential for microcracking and
secondary crack formation. This may lead 10 & higher
degree of encrgy dissipation. Damage during crack
growth was therefore found especially in the coarse-
grained  ALO;-Al23  material, This  behaviour
prompted & morc detailed post-test fracture surface
investigation,

Fig. 11 shows the fracture surfaces of the ALO,-bio
material which has a fine-grained microstructure. Fig.
11a shows the area of slow crack growth (precracking
process), Fig. 11b the area near to the crack tip and

afw

Figure 6 K, curves for fne-grained alumina ALO, (g sharp pro-
cracking and fam f; of pre ked snd hed spaci in
’it &l room iemperstuce {20°C}. (@) pre-cracked. () mowched
Specimens; (—) Kq for slopt 0.M; (— - —} comrection functioa ¥
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Figwee 7 Ky curves for conrse-gramned aluming ALQ, - Al 23 in sir st
room iemperawire (20" C). sharp pre-cracking and (ast fracture of

pre-cracked and hed and foe P sharp
cracking and dlsphc:mmwnlrolld loading [12]. (@) K. critscal
lest: 10} Ky, notched specimen; {— — —) K, subcnical iest.

Fig. llc the area of fast crack growth in a K¢ test. A
more inlergranular (racture surface appearance is
found for the lower crack velocity (pre-cracking),
whereas the fracture scems 10 be more transgranular
at high crack velocities. A distinct transition region is
obvserved (Fig. 11b).

In contrast the fracture surfaces of Al,O,-Al 23
(Fig. 12a, arca of slow crack growth; Fig. 12b, ares of
fast crack growth) look crushed and split. These
phenomena are confirmed by observations of the
crack path on the polished specimen surfaces (12 (Fig.
13).

It is important to note that some kind of “process
zone™ developing at the measured crack tip, which
could explain the rising crack resistance curve, was not
detected. It is much more likely that the damaged
matcrial behind the actual crack tip causes friction
effecis which, with increasing crack length, may
increase snd dissipate energy.

The traction-free relation of Equation | is no longer
suitable, if friction effects or adhesive forces are act-
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Figure & K, curves for debased alumina AI,Q.-S sharp pre-crack-
ing and fas [ of pre- cracked and p in 8t

al room wemperature (20°C). (@) X, ; (—) K, slope 0.68; (0) K¢,
noiched spocumes.
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Figwre ¥ K, curves for pariially stabilized zivconia 2¢O, -PSZ: sharp
pre-cracking and fast [ of pre- and hed speci-
mens 1 e 3t room temperature {20°C). () K, (—) X, , dlope
0.13; {#) X, notched specimen.

ing. It may simply and formally be replaced, using a
procedure well established for metallic materials, by
an expression for an effective stress intensity Ko
defined with an effective crack length aq [15):

) awwatd
K.c..-a"‘lf 2)

where a, is the measured critical crack length and d'the
charactenistic size of a [riction zone behind the
measured crack front, which in this case has 10 be
subtracied and may incresse with increasing sharp
crack length.

It should be mentioned that in cases where crack
branching and secondary crack formation occur, and
in cases where the actual crack tip is hard to detect
(there is no macroscopic crack tip blunting), defining
and measuring an cflective crack length will be dif-
ficult but decisive.

Nevertheless, displacement-controlled experiments
with direct observation and measurement of crack
extension allowed for a first rough evaluation of the
size of this friction zone (7, 16].

For the measurcments above it can be unam-
biguously statcd that fine-grained alumina materials
have flat K, curves which are attribuwable to stress-
free fracture surfaces. Malerials with larger grains
promoie microcracking and crack branching, causing
friction effects behind the crack front which result in
a nising K, curve il Equation | is used.

Relerting 1o the literature [6, 10} and to Fig. 10, a
rising Xy curve is also to be expected for the PSZ
maienal. As visible from the fracture surfaces (Fig.
14}, erack branching in the slow crack-growth area is
apparent._ It was surprising therefore that the &, curve
remaincd completely Rat.

There are indications that for the PSZ material
crack branching in the form of isolated large cracks
exists, rather than a completely crushed region (10].
Perhaps this behaviour is influcnced by a glassy phase
at the grain boundaries. [t may then be assumed that
the fasi-fracture test activates only the most danger-
ous flaw and diminishes the capability for energy dis-
sipation.

Finally, for the debased alumina material AL O,-S
the compieiely flat K, curve and the lack of any crack
branching is mostly attributable to the glassy phase a1

grain boundarics, which is thought (o reduce inizmal
stresscs during fabrication.

8. Summary and conclusion

K, curves measured in a load-controlled crivical Trac-
ture et with ceramic materials are normally hori-
zontal, The Kic data sre practically identical with
those measured with narrow notches. The fracture

Figwre 10 Crack-branching in zir-
comz Zr(}, -PSZ 81 room tem-
perature | (4]

surfaces may therefore be assumed traction-free as is
the case with notches, and Equation | may be used.

Amongst the five materials tested a coarse-grained
alumina constituted an exception. 1L is assumed that in
this malenial high internal stresses kead to enhanced
microcracking and overall damage of the microstruc-
ture. A process or microcracking zone in (ront of the
actual crack tip could not be detecied. The energy
dissipation processes could be confined mostly 10 a
20one of destruction 4 behind the actual crack Lip. This
zone enlarges with increasing crack length, In this case
a rising crack resistance cruve is measured indepen-
dent of the experimental procedure of loading,
whether subcritical displacement-controlied or crivical
load-controlled. Il crack branching and secondary
crack formation occur it is difficult to define & crack
length. It is thought that this may be one of the main
obstacles to obtaining reliable fracture toughness
values. .

The PSZ material, which also shows crack branch-
ing during the precracking process, has a completely
fiat K; curve. It is thought (as the overall damage
to the microstructure is much Jess than for the

Figwe 11 Fracture surface appesmance of slunina ALG,-bio: (2}
arca of siovw etk grownh, (b) iraneition regios a1 cvack froed, (c)



Figwe 14 Fractwre surface appearaace of sirconia £10,—PSZ: (a) area of stow crack growth, (b) ares of fust crack growth,

coarse-grained alumina) that in a eritical test only the
most dangerous faw iy activated.
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Crack resistance curves of alumina at high

temperatures
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Ceramic three-point band specimens were pre-cracked in a displacemeni-controlled test in air
at room temperature to form sharp cracks of different lengths. Critical stress intensity factors
{Kc} were then measured as a function of sharp crack length in a fast-fracture, load-controiled
test at 900, 1000 and 1100° C. By means of these fast fracture tests, crack resistance curves
{Kic against crack length) were determined for two commercially pure aluminas of different
grain size and for a debased alumina containing a glassy phase. The crack resistance curve for
the pure, fine grained alumina proved to be flat at 900° C, as was found for room temperature.
A steeply rising crack resistance was, however, obsarved for the pure coarse-grained slumina
8t 1100° C and for tha debased alumina a1 1000 and 1100° C. This rise in K, curves is explained
by friction effects of the cracked microstructurs behind the crack fromt for the coarse grained
alumina and by adhesive forces caused by the second phase behind the crack front for the
debased alumina. These facts sre proved by comparison to experiments on notched specimen
and by annealing experiments. From the annealing experiments the size of the adhesive zone

is estimated for the debased material.

1. Introduction

The brittkeness of ceramics implies that the crack
resistance R should be independent of crack length
and that the fracture toughness is seen as a single
parameter independent of specimen dimensions and
experimental procedure. This is different from metallic
materials, whete it is well known that the crack resist-
ance may depend strongly on crack length. This fact is
attributed to an increasing size of a plastic zone at the
1ip of the crack under plane siress conditions, accom-
panied by macroscopic blunting at the onset of crack
extension. A plastic zone of comparable size cannot be
found in brittie ceramic microstructures and therefore
the condition for the existence of s fracture toughness
parameter (materials constant) as » function of yield
stress, plastic zone size radius and specimen dimen-
sions arc not fulfilled.

It is therefore most surprising that, similar 10 met-
allic maierials, a dependence of crack resistance (frac-
ture toughness} on crack length has been found [1). It
is significant in that context that the phenomenon was
sbserved only in the case where sharp natural cracks
instead of narrow notches were introduced as crack
starters. [t could be praved [I, 2] that crack resistance
curves evaluaied with different notch depths behave
completely flatly. In addition a paradoxon was detec-
ted [1]in so far as lraciure 10ughness values ieasured
using nurrow notches were equal Lo or smaller than

those found lor sharp cracks. According Lo notch-
stress concentration factor analysis the opposite has to
be anticipated. Based on these first results a discussion
has been developed about the reasons and the import-
ance ol raising crack resistance curves in ceramic
maltenials.

2. First results and sxplanations

In an analogy (o plasticity reacuons the effect is
explained by a “process zone™ seen as a region of
microcrack formation ahead of the crack tip [3]. The
rising crack resistance is explained by a magnification
of that “zone™ with increasing crack length. Yet,
a “process zone™ necessary 1o explain the distinct
increase of fracture toughness could not be detected.
It was argued, therefore, {2, 4], that friction effects or
adhesive forces behind the actual crack tip are more
likely to be responsible for the effect. These arguments
were supporied by measurements with narrow noiches
which guarantec traction-free surfaces. Traction-free
surfaces are aiso found with metallic materials at the
onset of crack exiension if macroscopic blunting
occurs, thus simulating a narrow notch, Nevertheless,
an increase of crack resisiance is found due 1o plastic
zone extension. As macroscopic blunting does not
occur in ceramic materials, the cracked surfaces keep
close together, which allows friction and adhesive
forces 10 act even under load. One could then casily

® Prasent addeess: Max-Planck-lestitut fiir Metallforschung, S

fie 92, 7000 S1uttgan |, Federal Republic of Germany.

!The death of Dr R. F. Pabat is wadly recorded. (On Seave of sbsence from Max-Planck-Insiitul fir Melalliorschuag, Sccmralic 92. 7000

Stutigan |. Federal Republic of Germany).
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imagine that a “zone™ of Iriction and adhesion behind
the actual crack tip is enlurged as the crack extends.
Phenomenologically this is very similar to the magni-
fication of a plastic or “process zone™ in front of 4
crack. The “zone” behind the crack reaches its final
length if the cruck opening, a certain distance behind
the actual crack tip, becomes so large that the contact
between the cracked surfaces is lost. I is easily realized
that the length or rather the “effectiveness™ of the
“zone™ behind the crack lip depends on

{a) microstructure and composition

(b} temperature

(c} test procedure (load controlled. displacement
controlled. loading rate)

{d} crack velocity

(e) ime (oxidation. annecaling, 1ransformation
reactions).

In parucular if au clevated temperatures viscous
second phases act as a binder between the cracked
surfaces, 1he temperature and the test proceduse play
a dominant role. Therefore it should be emphasized
that 10 characierize the quality of the crack resistance
behaviour, well defined experimental parameters thus
are necessary. This is also a prior condition lor com-
paring any results. Therefore, in Lhis paper cata-
strophic failure is based on rapid loading conditions in
a load controlled test. avoiding subcritical crack
extension prior to critical failure, Other and forth-
coming papers deal with subcritical, displacement
controlled tests at clevated temperatures [$).

3. Matsrials

For ihe experiments different qualities of Al;O, were
used as listed in Table |. Two qualities are commer-
cially pure, Al,O,-5 denotes a debased quality with a
ceriain glassy phase content. In a hexagonal structure
internal stresses increase with grain size. Therefore
microcracking and friction effects may be increased by
increasing the grain size as it was shown in a previous
paper referring to room lemperature reactions (2.
This is not to be expected with small-grained commer-
cially pure materials.

The glassy-phase material is thought to provoke
adhesive effects behind the actual crack tip, which may
depend strongly on temperature and loading rate
6. 7.

4. Expesrimantal procedure
The experimental procedure includes the following

seps:
(1) the precracking process
{it) the crack kengih geasurement
{ili) Ky curve evalustion

TABLE 1 Propertics of materials

{iv) anncaling experiments
{v} investigation of the fraclure surface

The annealing experiments were conducled at various
lemperatures and anncaling times 10 account for the
annealing procedure of sharp cracks especially if
glassy second-phase reactions take place. The ares of
annealing at the crucked surfaces was then measured
and related 1o the quality of the X, curve. Referring to
the precracking process three-point bend specimens
Imm x 2.5mm = 40mm in size {span width 30 mm)
were nolched (o a normalized nowch depth of 0.2 mm
and then precracked in air at room temperature (o the
desired sharp crack kengths using a- completely
displacement-controlied est at a displacement rate of
only | gmmin '. The rate ws direcily measured and
controlied by a LVDT in contact Lo the lower speci-
men surface. The specimens were then unloaded. The
crack lengths were measured using a side-light tach-
nique on both sides of the specimen. As shown in a
previous paper [2] a comparison with (a) post-mortem
investigations a1 the cracked surfaces and (b) direct
visual observation of the crack extension gives nearly
the same result in crack length. 1 is importamt to
know, il crack branching occurs, the nature of the
kinetics of subcritical crack extension during displace-
ment. This too may be invesiigated thoroughly by
direct visual obscrvation. The measured sharp crack
length together with the notch length was then used as
the crack length a in the linear elastic equation of the
form (8]
Ku = 1oy iTiaiW) m
with
Yia/W) = F(a) =
1.99 — afl — 2)(2.15 — 3932 + 2.72")
{1+ 2)(1 - o)

2}

where P is the critical load, § the span width, B
the specimen thickness, W the specimen width and
¥(a/W ) the correction [unction.

The measured apparent critical K, data were then
plotted against the normalized crack lengths a/W,
giving the K, curve. The lincar clastic relation (1)
implies that the cracked surfaces are traction free with
the traction free crack length a but it does not account
for {riction effects, adhesive forces and armeah‘u;
effects behind the measured crack tip. 3 also implies
linear elastic behaviour in front of the actual (visually
observed) crack tip, excluding relaxation processes.

The specimens where heated up to the test lem-
peratures of 800, 900, 1000 and 110¢° C within 10min
and cracked in a rapid load controlled tesi at a loading
rate of 1000 Nsec™'. As it was found that healing

Maeriai Composinon Gran ure Young's modulus, Deansity
wi %) (pm} 20° (GPa) gm")
ALO, 97% ALO, + 3% S0, S0l 160 2
ALO, g 99.7% ALO, + 0.3% MO 1 b3 . -
ALO,-AlD 99.6% ALD, + 04% MO 20 10 40 3%0 187




]
%
5‘ " -'Q.‘_“_
kg by —vTy -
H
os o 1} ] [} [T+] w

ofw
Figure | Ky curve for fine-grained pure alumina AlO,-bio: Sharp
pre-crackng and fast [racture m air 21 900 C. The straight bine hay
2 slope of 19

effects are likely Lo occur due to glassy phase reactions
between the cracked surfaces, crack-annealing experi-
ments were performed where the precracked speci-
mens were tempered at 900, 1000 and 1100°C for
10min, 4 h and 24 h and then fractured at room tem-
perature, The fracture surfaces of the specimens were
investigated by SEM.

6. Results and discussion

5.1. X, curves as a function of temperature
The high temperature resuls are given in Figs 1 to 3.
For a commercially pure and fine grained material
(Al,0,-fg} a nearly flat X, curve is measured at 900° ¢
(Fig. 1). This is comparable to room temperature
behaviour but with fracture toughness values at a lower
level {2]. Tt is thus possible to define a single fracture
toughness parameter at that temperature widely
independent of crack length.

Ky (Mg miT|
-
4
L]
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Figwee 2 K, curve for counse-grained slumina ALO,-AI2Y i air at
1100¢C: Sharp pr ing and Fast fr of pr ked
specimens.

In contradiction 10 the behaviour above the coarse
grained material Al,0,-A 123 shows a distinct increase
in fracture toughness which corresponds exactly to the
room temperature behaviour [2). Obviously even a test
temperature of 1100”C does not change the friction
reactions caused by the coarse grained microstructure
(Fig. 2).

Compared to room temperature behaviour the X,
curve dependencies change tremendously if a fine-
grained maierial with a second viscous phase is used
(marerial ALO,-8). The results are given in Figs Ja, b
und c. First it is important 10 note that the fracture
toughness values with notched specimens are com-
pletely independent of notch lkength, as anticipaied.
This is also the case for sharp cracks at the lower
temperature of 900° C. However, increasing the tem-
perature to 1000°C or even 1106°C, resuits in a steep
increase of the K, curve. The slope of the curve
increases with increasing tempetature. This stecpness

L] in slope is influenced by two effects:
1. the development of & certain region behind the
o crack froni, where the second phase is activated
e[| during the time necessary for heating up (10 min)
E¢ 2. by the level of the test temperature, which
g influences the dynamic activation of the second phase
1“ [ b/ L
w } ° LI )
F4 Figwe 3 K, curves for debased alwming ALO,-S: Sharp pre-
cracking and fasi {1 of pre-cracked and hed in
A s A uir (8} Ky i {——) K, slope; (G} Ky, notched specimen. () 900" C;
L] 0z 0 o8 08 W ) Ky, shope 125 (b) 1000° C; (—) K,, slope 5.7, (c) 1100°C;
ot olw {—==) Ky, tlope 1.76.
©
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Figwr 4 Ky corves Tor debased alumina AlO-5 Sharp pre-
cracking, ting at high temperature and fasi (raciure of pre-
cracked speciment in ar ul room Lemp 20 C).{a)A '}
#1000 C for 10min, (D) wnnealing ot (D0 C for 0min, (¢)
anneaiing a1 1000 C for 4. (0) annesling ai 100" C for 4 h.

at the crack front during the test procedure at a con-
stant high loading rate.

To investigate these dynamic effects during the test
procedure and to give un estimation of the size of the
active zone behind the crack from, annealing experi-
ments were performed.

5.2. Annealing sfacts concerning material
AlO,-S
In the case of the material with the glassy phase a
distinct annealing process was detected which depends
on the holding time and the annealing iemperature.
Attention should be paid to the fact that the fraciure
toughness values were measured afier cooling down to
Toom lemperature again to estimate the size of the
aclive zone behind the crack front mentioned above,
For a short holding time of 10 min the Ky curve
remains flat a1 an anncaling temperature of 1000"C,
whereas for |100° C with this holding time a rising X,
curve is found (Fig. 4). Compared 1o the test results
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Figure 5 Ky curves for debased slumina ALO.-S: Sharp pre-

cracking, snnesling a1 high lemperalure and fast fracture of

precracked speamens in uir at room tetperature {20°C). (a)

Annealing ut 900 C lor 244, (O} anncahng a1 1000°C for 24 b, {0)

senealing at 1100 C for 24 h.
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Figure & K, curve lor coarse-grained alumina AKDL-AI23: Sharp
pre<cracking, anncalng a1 1100 C for 24b and fast fracture of
pre-cracked specimens in air at room temperalure (20 C).

from the last section (Figs 3b and c), the sieepness is
lowered, which indicates that with these room iem-
perature tests only the reduction of the actual crack
length by anncaling is considered.

For a holding time of 4h for both the anncaling
temperatures of 1600 and 1100 C Ky curves are
found, rising to a high entent {Fig. 4). The slopes of
the Ky curves at these temperatures wers found to be
similar to the longest performed holding Limes of 24 h
(Fig. 5). whereas the effect of this holding time a1
900 C is only small (compare Fig. 5 to 3a). The com-
parison with the dynamic tests at the elevated tem-
perature exhibits a steeper increase for the case of
annealing for 4 and 24 h and subsequent mezsurement
at room temperature, From this it is obvious that the
annealing of the sharp cracks and the development of
the zone behind the crack front has a greater effect as
the dynamic activation of the second phase during the
test at clevated temperatures.

From these experiments and a post mortem inves.
Ligation the size of the adhesive zone behind the crack
front was estimated (see later on).

Concerning the course-grained material AlD,-A123
with no glassy phasc. annealing experiments do not
influence the X, curve behaviour at all. Even an anneal-
ing temperature of 1100° C and 24 h holding time do
not change the typical fracture toughness dependence
measurcd at room- and elevated temperatures (com-
pare Fig 2 to 6). It may be swated therefore that for
anncaling processes at lemperntures and limes used
here, distinct reactions are only found if 2 second
phase exists,

5.3. Crack length and crack velocity
dependencies

As stated in the introduction the crack resistance
behaviour additionally may depend on crack velocity
and thus on the experimental procedure. This is the
main reason to perform a well defined experimental
procedure. In addition it was found {9] that the crack
velocity in sharp cracked specimens may depend on
crack fength. Taking uecount for the results in Fig. 7
the crack velocity al a constant loading rate increases
as the crack length decreases. This behaviour is obvi-
ously a function of the stored encrgy which is larger a1
shorter crack leneths thue racnlting in larmsr initial
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Figuee 7 Dependence of crack veloaily for debased alumina ALOD,-S
L |U00 C on loudung ruie & for different crack leagths & ¥'.

velocities. This fact leads to lower fracture toughness
values for the case of shorter crack lengths due 1o
embrittlement reactions of the glassy phuse ar these
high initiai velocities. For this, even at a high constant
loading rate in u load controlicd test the rising K,
curve may at least purtly be explained by embritile-
ment reachions due 1o different initial velocities.

Furthermore, if subcritical crack extension takes
place before catasirophic failure occurs, the error in
crack length measurement is comparatively larger with
short than with long cracks, leading also 10 an appar-
ent increase in fracture woughness with longer cracks.
Those errors increase with decreasing viscosity at
higher temperatures.

Apart from the reactions above which in any case
are of a secondary nature, it is obvious thay the
increase of the measured fraciure toughness as a func-
tion of crack lengih, temperature and annealing time
must be attributed to adhesive and anncaling effects
behind the acwual crack front. In particular if second
phases exist, the cracked surfaces are not traction (ree
even at the onset of fast fracture. The adhesive zone
behind the actual crack fip increases with increasing
crack length and temperature. Using Equation |
which applies sokely 1o traction-free surfaces, the frac-
ture toughness is always overestimated. The over-
esimation increases with crack length and tem-
perature. This is clearly revealed by the results
evaluated with noiched specimens, where stress-free
surfaces are guaranteed (Figs Ja, band c}. At a certain
load velocity in a load controlled test X, curves with
notched specimens behave Ratly, independent of tem-
perature. Therefore the formalism used is exacily
appropriate 1o the narrow notch (notch width
~ 10 um) snd not 10 a sharp natural crack, if adhesive
or friction effects exist. Consequently, the difference
between the measured noich-fracture toughness and

TABLE 11 Evsluaton for zone siges z

that measured with sharp cracks muy give & measure
for she “length™ or better the “cffectiveness” of the
adhesive zone = behind the actual crack up.

Il the Griffith formule

K, = oa'’Y 3)

holds {which is not always clear if tractions behind the
actual crack tip exist} a K, 4 may be formulated such
that

Kg = oaldyY 4
wilh
Gy = a -z (5}

z = Ad, T, composition)

where a is the aciual measured crack length and ¥ the
correction function. It is clear that in the case of
viscous phases, 7 depends on the crack velocity &, the
temperature T and the composition.

Relerring Lo the annealing effects in Al,O,, it may be
anticipated that no macroscopic blunting exists,
instead the sharp crack is filled with glassy phase, the
extent of which depends on annealing semperature
and time. The second phase gives a sirong bond
between the cracked surfaces afier cooling down to
room temperature. Depending on annealing tempera-
ture and annealing time the crack may be annealed 1o
& great exwent.

An atlempt was made 10 cvaluate the zone size 2 for
the material with the second phase. For this the crack
lengths were calculated for the experiments with the
sharp natural cracks at 900, 1000 and 1100° C under
the assumption that the X, curves remain fat fcom-
pare Figs 3a, b and ¢). The difference beiween those
crack lengths and the measured natural crack lengths
gives a measure for this zone size.

The wransformation of the Griffith equation results
in a fourth order polynomial because of the correction
function ¥, which was solved for this purpose for
relevant solutions in the range 0 < a/¥ < 1 by
interval-packing:

a ., A KL BW
WY(GIW)—-‘i—P,E’— = 0 (6)

where P is the load, S the span, B the dopth and W the
width.

These calculated zone sizes (mean values) are listed
in Table Il for a/W = 0.4, 0.6 and 0.8 st 1000 and
1100°C. At 900° C the rise in the K, curve and thus the
size of the zone is negligible.

Temperalure alW a, measured 4, cakulsled L7 4 Aaje,
¢y {mm) {mm} (mm) %)
1000 0.4 28 24 032 n
1000 06 42 3% a9 2
1000 o8 56 48 on 14
1100 o4 28 19 0.5l i
1100 [¥3 42 .60 . k32 »
1100 LK) 36 437 1.03 113

1366

Figue ¥ Fracture surface of debased sl

P Al{0)S: Shatp precracking, ling a1 high lemp and fagd fy of

pre-crached spocimens s mir 41 foom lemy 120°C), (a) A

For arW = 0.4 and 0.6, the > values show a rising
tendency and realistic sizes compared to resulis from
R-curve calculavions with an energy concept [6]. For
afW 2 0.8 the zone size is then obviously reduced
again by the, for this case, high crack opening displace-
Mment. An investigation of the fracture surfaces in the
range of the supposed zones was done by SEM on the
specimens broken in the annealing experiments.

For a hoiding time of 10min a1 1000°C {10 min
corresponds (o the total holding time for all the high
temperature experiments) the glassy phase coates the
surface of the grains (Fig. 8a). At 1100°C the second
phase concentrates in bands along the edges of the
grains (Fig. 8b).

6.4. Annealing etfects caoncerning material
A0, -AI23

The data evaluated using the coarse grained material
corvespond well to room temperature measurements.
Thus she friction effects behind the actual crack front
are independent of demperature and annealing pro-
cesses. Obviously this commercially pure material is
insensitive 10 everything which does not influence the
friction effccts caused by the coarse-grained struciure.
Consequently experiments with notched specimens
result in flat &, curves, as was previously shown at
room temperature [2).

§.5. High-temperaturs influence on material
AlO,-fg

The commercially pure fine grained material should be

insensilive o friction effecis (small grains, low internal

Stresses) and also to adhesive forces. Consequently as

it is venfied a1 least at 900°C, the K, curve behaves

Aauly (Fig. 1).

8. Summary and conclusion

The distinct increase of crack resistance measured in a
critical load-conirolied test as a flunction of crack
length 81 a distinct high loading rate is similar to that
found with metallic materials under plane stress con-
ditions. With metallic materials, however, a plastic
zone of increasing size in front of the crack is made
responsible for the increase in crack resistance. This is

king a1 1000~ C for 10 num and (b) annealing ot §100°C for 10 méa.

essentially different from reactions in ceramics found
in this paper. I is stated that a plastic zone or any
other “process zone™ of microcracking in front of the
crack tip does not exist. Instead, the cracked surfaces
keep close together as no macroscopic blunting exists
even at the onsel of enitical fracture. This atlows fric-
tion and anncaling and thus adhesive forces 1o act
behind the actual crack tip. The surfaces therefore are
not traction-free. A certain zone : of adhesion is
formed behind the crack tip. Use of the well known
Griffith equation based on traction free surfaces then
leads to an apparent increase of fracture resistance,
The problem remains in estimating the “length* or
better the “cffectivencss’ of z which depends on micro-
structure, temperature and loading rate (crack vel-
ocity) and time cspecially if viscous second phases
cxist. From annealing experiments an aitempl was
made 10 evaluale the size of this zone z. In the simplest
case the Griffith form may be used further with an g
instead of the actunl measured crack length in an
analogy 10 & plastic zone correction used for metallic
materials. In any case the much more complex interac.
tions of microstructure, lemperature and loading rate
in ceramics compared 1o metallic materials make it
understandable that the west procedure itself plays a
dominant rok. This enlarges appreciably the expen-
mental cffects, Also the analytical verification becomes
more complex a3 diffcrent ceramic materials behave
much more individually at clevated temperatures,
Simple analogies to metallic materiats are misleading,
assuming some sort of “'process zone™ in front of a
crack. This analogy may be uscful as a “working
hypothesis™, but does nol account for the real effects
which act behind the crack tips and not in front of
them.
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