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The variation of the fracture toughness of MnzZn ferrite ceramics with varying loading
rate and humidity was determined with the aid of the single edge notched beam
(SENB) test. A strong decrease with increasing humidity and decreasing loading rate
was observed. A model for subcritical crack growth incorporating kinetic and
adsorption effects was formulated to analyze the data. The value of the adsorption-
controlled fracture toughness was determined independently by double torsion
experiments and agreed favorably with the values as determined from the SENB data
using the model. The strength of the material was determined, and analysis showed a
strength behavior similar to the fracture toughness behavior, as predicted by the model.
The analysis presented can be used to assess the subcritical crack growth behavior
using a limited number of SENB specimens.

I. INTRODUCTION tion for this phenomenon is subcritical crack growth

Thanks to their ferrimagnetic properties, combined(SCG), whereby in the presence of a reactive species, a
with a high electric resistivity, MnZn ferrites find many crack can grow at stresses below the critical value deter-

applications: for example, in power transformers and fi-mined from the fracture toughness. In this paper, it will

ters, which are used in many consumer, communication®€ Shown that measurement of the fracture toughness of
and automotive products. For many of these applicationé? SCG-susceptible material is possible, but that the
it is expected that in the near future the ferrites will pednalysis of the experiments has to account for subcritical

exposed to higher mechanical stresses. This is caused BJACK €xtension. If such an adaption is made, certain

an increase in power throughput, combined with miniaJfracture toughness tests can even be used to determine

turization, leading to higher power losses relative to théN® SCG behavior of a material, with considerably less
size of the component; by automated printed circuiteffort compared to using series of strength measurements

board mounting and soldering; or by mechanical vibra.pecause of the smaller number of specimens required.
tions as found in the growing field of automotive appli- MOSt types of fracture toughness tests are based on

cations. This has quite recently brought about an intere€/forming a strength test on a specimen with an artificial
in the mechanical reliability of ferrites. MnZzn ferrites defect of known dimensions. These defects are made
obey linear elastic fracture mechanics, controlled by de$ignificantly larger than the “naturally” occurring de-
fects generally caused by processing, machining, or harf€cts- In this way, the test piece is practically certain to
dling steps. One of the important material parameters t(f)all on the art'|f|C|aI d.efect. U_suaIIy, acrack is mtro@ced
be determined is the fracture toughness. It relates the siZ the material by indentation; or a notch, continuous
of the defects present and the resulting strength of §Ver the thickness of the specimen, is cut using a dia-

body. An important aspect of the mechanical behavior of’0nd saw. In single edge notched beam (SENB) tests,
MnZn ferrites is the influence humidity has on their these are straight. The notched bar is then subjected to a

strength, as shown in earlier wotkThe usual explana- four-point bending test, to measure the fracture force. If
' the material to be tested is susceptible to SCG, the frac-

ture force will vary with the loading rate. The “inert”
Apresent address: Philips Center for Manufacturing Technologiedr@cture toughness can be measured at very high loading

P.O. Box 218, 5600 MD, Eindhoven, The Netherlands. rates or very low humidities. This parameter can also be
PAddress all correspondence to this author. determined by exptrapolating the fracture toughness as
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measured at several loading rates. In many other fractur@ gas or vapor on the fracture surface, however, will
toughness tests (e.g., the Chevron notch test), one calecrease the fracture surface energy and, therefolia,
only use relatively low load rates, which makes themthat case, the fracture toughness is reduced to the
inappropriate for use with SCG-susceptible materials. Iradsorption-controlled fracture toughness,

the analysis of fracture toughness tests, it is commonly

assumed that the notch depth equals the critical defect F(,C = Y&f\/Ei =VER, , (5)
size, assuming explicitly that no subcritical crack growth
occurs. introducing the adsorption controlled strengih,

This paper tries to answer two questions. First, how Second, the crack can extendde ¢ at stress inten-
can the influence of the environmental humidity on thesities well below the critical valuk,., by the action of a
fracture toughness be accounted for when using a stafieactive species. By the formation of a transition state
dard fracture toughness test, as in this case, the SEN&mplex, the activation energy for crack extension can
method. Second, could these tests combined with thbe decreased. In that case, the actual strength is decreased
SCG model proposed here be used to characterize tfie o; < 6;. The fracture toughness is in that case formu-
susceptibility of the material to the effects of humidity? lated as
In the following sections, the results of the SENB speci-

mens are discussed, employing the SCG analysis. Fi- Kic = Yor\Ve, (6)
nally, the available strength data will be compared with N _ _
the fracture toughness data. using the critical crack lengtls.. This effect is called
subcritical or slow crack growth, usually abbreviated
Energetic crack extension criteria SCG.
At equilibrium according to Griffith, Both effects can act simultaneously, resulting in
2 ~
G =G, = % =R . ) K = Yo \V/c, . (1

This combined mechanism will be treated theoretically
l,gmd its applicability to the experimental data will be
checked. To be able to determine the dependence of the
relevant elastic modulus. For MnzZn ferriteR, is as- fractgre tqughngss on adsorptipn effec_ts, Sec. Il gives a
sumed to be independent of crack length, although fOEetalled dlscussm.n on ad;orptlon .and its effec.ts on sur-
some material| is known to increase with increasing ace energy. Section Il will deal with the description of

crack length. Ideally, extending a crack in a bagiyith subcritical crack growth based on chemical reaction ki-
fracture surféce enérgy in a vacuum results in netics, combined with the adsorption effect. Finally, the
B

resulting considerations will be applied to the analysis of
Ro=2vg . (2)  fracture toughness and strength experiments.

The critical stress intensity or “fracture toughness” can

be used as a criterion for crack extension. For mode I, the

For values of the mechanical energy release r&e,
larger than the critical value, here denoted as fractur
energy, R, the crack will extend. Her&' denotes the

fracture stress of a bodyy, is determined by a combi- 1l. ADSORPTION
nation of the critical stress intensity or fracture tough- | general, gas or vapor molecules can adsorb as one
ness K., and the critical defect size,, molecule or by splitting up in several parts. This is called
K \/ﬁ nondissociative and dissociative adsorption. Some adsor-
o; = = . (3) bates can react according to both mechanisms. In prac-
Y\/c_c Y\/C_c tice, more than one adsorbate is likely to be present. In

whereY is a geometric factor. Equation (3) shows thatthis section, the adsorption resulting from these mecha-

the strength of a material can decrease in two ways. nisms and from some of their combinations will be de-
First, the fracture toughness can be decreased by deeribed, The nondissociative adsorption of water vapor

creasing the fracture surface energy. This effect can bwill be described using the Langmuir isotherm for

brought about by introducing an adsorbing species in thadsorptiort,

environment. For mode |, loading in vacuum of a body

containing a defect of initial size;, the inert fracture 0. = by .n Px ®)
toughnessK,., is given by N1+ by apx
Kie = Y&f\/gi ' (4) wherefy ,, is the relative surface coverage by nondisso-

using the “inert” strengthg;. It is often assumed that the ciative adsorptionb, , is the relevant Langmuir param-
fracture toughness is a materials constant. Adsorption adter, andpy is the relative partial pressure.
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The effect of adsorption on fracture energy Chemical reaction rate and adsorption model

Introduction of an adsorbing species, X, in the envi- An SCG-promoting species can act in two ways. On
ronment will decrease the fracture energy in vacuBg, the one hand, it can decrease the surface energy by cov-

(=2vyg), to ering the fresh fracture surface. In Fig. 1, this reaction
_ _ mechanism is shown by states I-lla—llla-IV. On the
Rx = Ro = 20Uy = 2vgx ) other hand, a reactive molecule can form a transition

USing’YBX! the energy to form one unit area of interfacestate .Complex Wlth the stressed bond at the crack tlp,
B-X, relative to the initialB—B state and using the ad- effectively decreasing the amount of energy needed to
Sorption energXAUad The latter can be calculated using break this bond. This mechanism COI’reSpondS to states

the Gibbs adsorption equatidn I=llb—Ilb—IV. . _
If crack growth is seen as a molecular reaction be-
d AU,y K.TT () (10) tween a reactive species with relative partial presgyre
d[In(ay)] ® x and a solid surface, the reaction or crack growth rate can

be approximated by the rate of the rate-determining re-

usingl’, the excess concentration of environmental spextion step, which is, according to the classical theory of
cies X at the B—X interfaceay, the chemical activity of 41 processes, given by

that species; and wherg;kand T denote Boltzmann’s
constant and temperature, respectively. If the adsorption | k_T AUg 3 AUg 1
isothermI'(py), is known and is continuously increasing V' ~ Pxlon ™ | €X kT ex kT . (19

with py, the adsorption energy can be calculated from o
Eq. (10) as using a characteristic crack growth step lendth,the

(pseudo-) reaction order @k ,m; and the molecular free
energies of formation of a transition state complex in a
forward and backward reactiodU- and AUg, respec-

tively. These energies can be substituted according to
using the Langmuir adsorption isotherm [Eq. (8)] and the

Py 0
AU,q= kg TT, fo édpx , (12)

excess at full coveragd;,,. This equation results in a v = pll k_T [exp( U —a(G - Ry)
dependence dR, on py, given by X0h KT
Ug +a(G-R
R¢ =Ry, - 2I'ykgT In(1 + bpy) . (12 - exp( = (XIET X))] : (16)

Introducing this into the Griffith equilibrium [Eq. (1)]

results in 3 e
Ke=Ko\/1-®InL+b "9
Ic Ic px) . (13) 3, 3

The constantb, )

2T kT

determines the ratio of the energy released by adsorptio ;
to the fracture energy dissipated by crack growth, both (lHa) (1)
per unit area. Hight', andb will result in a considerable

decrease in fracture toughness. High valueRgofwill

cause the material to be relatively less sensitive to thm g j\,ri ]
effect of adsorption. However, increasimy can also o , ,ﬂ [
change the adsorption affinity. . e ),3- A

(M) (Hib)

[ll. SUBCRITICAL CRACK GROWTH

Many materials show a lower strength in the presence
of reactive species in the environment. The most fre-
quently used term for this effect is subcritical crack

growth. In this section, the possible effects of the reactive ()
e_nV|r0r_]ment on the mechanical reliability of MnZn fer- fig. 1. Atomistic representation of two possible bond-breaking
rites will be discussed. mechanisms.
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using the activation area,, and the activation energies For values of the stress intensity that are small relative to
for bond rupture and bond healing- andUg, respec- the inert fracture toughness and large valueg0tq.
tively. The mechanical energy applied to the system ig21) can be simplified to

accounted for by the mechanical energy release te,

and the surface energy effects are accounted for by the R ﬁ " nd/2
adsorption-dependent work of fractulg, [Eqg. (12)]. v = YoPx K (1+Dbpy) ’ (29)
The effects of these factors on the activation energies is ©
shown in Fig. 2. as
Usually, the backward reaction is neglected, which
simplifies the rate equation to exp—ax) = (1 - x)? - (29
= bl ex a(G-Ry) 17 for small values ofx and large values od. The SCG
V= Yo Px KT ’ constantp, is given by
with the pre-exponential factor given by n=2 . (25
B k—TI _Ue 1g  For subsequent analyses, Eq. (23) can be written more
Vo= lo &R T 7] (18) conveniently as
With Eq. (1), K, \"
a- (1) v=v, (A—I) , (26)
K|2 KlC

with the adsorption-controlled fracture toughneﬁﬁ,,

and Egs. (12) and (13), the driving force for crack ex-and the pre-exponential factor

tension can be written as

Vo = Unlaa\/ 1= @ IN(L +bp)" . (27)
K2
G-R= Ro[% -1+®In(1+ bpx)} . (200  using a factorp,ys accounting for the effect of adsorp-
Kic tion,
This modifies the rate equation to Vage= (1 + bp "2 (29

2
lc

2
v = vy Py exp[—ﬁ(l - ~K_'>] (1+bp)®® |, (21) and a factor accounting for the reaction kinetics effect,

. . vn = UO p;]( . (29)
using the constarp given by
B = ﬁo ] (22 IV. THE ANALYSIS OF FRACTURE
KT TOUGHNESS TESTS

A. Single edge notched beam tests

The apparent or nominal fracture toughness as deter-
mined by SENB experiments, neglecting the effect of
SCG, is given by
Ur U,
/ Keo=F, 1=l V¢ (30)
\\ 7 IcS f 2th S 0
Y S G
\ ! R using the fracture forces;, and using the relevant sizes
S, X IV of the specimen. The latter include the beam width,
) / ? Upiniing the beam height), and the outer and inner spahsand
| W X I,, respectively. The defect geometry fact¥, can be
\/ G given by the Gross—Srawley relation’as
I
FIG. 2. Potential energy levels of different states in bond-breaking Ys = 1.99— 2.47x + 12.9%° - 23.1%> + 24.&*
mechanism. (31
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which is valid for 0< « < 0.6 andl/h = 8, using the
relative notch depthy, depending on the notch depth,
and the specimen heiglt,

(32

o=

h

This function has a minimum aroungl = 0.15. The

notch depth machined in the SENB specimens is chosen

kept constant at the value determined for the initial notch
depth,c,. In that case, the integral can be evaluated ana-
lytically. Using the apparent fracture toughness,

Kics = Y'sOs Ff\/C_o ,
and the adsorption-controlled fracture toughness,

(39

around this value. As the crack is not expected to dOUbl?esults in

its length by SCG anllg is approximately constant in the
rangeg; to 2c;, the parameteYg can safely be assumed to

remain constant at its initial value.

B. The effects of SCG in SENB tests

Kie = YeOs FrV/C. (39)
2\/2
K 2-n n-2 v,0sYsF?
e _ \/1+2 = 1)
Kics (n K. F

which shows that the value for fracture toughness result-

In the standard analysis of SENB tests, it is assumethg from a standard analysis will be underestimated at

that the critical defect size equals the notch depth agwer load rates. The last step is to substitute Eq. (38) for
machlned,co. However, if the material to be tested is the actual fracture toughness’ which gives

susceptible to subcritical crack growth and relatively low
stress rates are applied, the crack is likely to extend be-
fore catastrophic failure. Ignoring this effect will cause Fr =
the fracture toughness to be underestimated, as the defect
size at the moment of failure has become larger than the

original notch depth.
Substituting Eq. (30) foK, in the SCG power law, Eq.
(26) results in

dc  Vpgg”
6 Yot
Ic

(33

using the load given as a function of timasF = F-
t, with F = dF/dt. The SENB test geometry factags, is
defined as

3, - 1)
= 34
Using
. n+1
Frpt=—— | (39
this results in
de 1 v, 9sFrt
f°° - +1fns ! (36)
o Yg (C) \/E n ch F

From this expression, the fracture force can be isolate

giving
B [(n +1) FKD pec dc

- © 1 (0) \/<"

1/(n+1)
] . (37

n
g SVpy

Now we can introduce the assumption that the compli- =
ance factoryg, is independent of the crack length and is

J. Mater. Res., Vol. 15, No. 6, Jun 2000
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Yoo, [T An+D k2 F

(41)

C. Correspondence between strength and
fracture toughness

Starting from Eq. (40), if the apparent fracture tough-
ness is small with respect to the adsorption-controlled
fracture toughness, the apparent fracture toughness can
be formulated as

1/(n+1)

2(n+ 1) Yook .
KIcS = n-2 v \/C_gKlr]c ’
Px

(42
using the initial defect sizeg,, and the geometry factor,
Y, of the SENB specimen.

For the strength tests, in a similar way, using the initial
defect sizec;, and the geometry factol, both of the
strength specimen, and using Egs. (38) and (39) and

Ke =Y gRVe. 43

the strength of a specimen can be expressed as

2(n+1) gF K" )
O_f:[( )9_ Ic ] 4

n-2 Vp, Y™ /Cin—2

if the apparent fracture strength is small with respect to
he adsorption-controlled fracture strength. If both the
actual fracture toughness and the actual strength are
known for a combination of loading rate and humidity,
their ratio can be calculated:

Kics _ v \/— Ys \/C_g He
pu G 3 , (49
f Ve
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assuming that the test geometry factayg,and g, are  called E 42 core$. The nominal composition was
about equal. If this ratio is a constant for all combinations71.0 wt% FgO;, 20.5 wt% MnO, and 8.5 wt% ZnO. The
of humidity and loading rate, this means that the suscepaominal grain size, as determined from the mean inter-
tibility to the effects of humidity is a property of the ceptlength, was 7.8m while the density was 4.8 g/cin
material, independent from the type or geometry of decorresponding to a relative density of 94%. For the ex-
fect or specimen. It also implies that the effect of humid-periments, bars of 3.5 x 4.5 x 42 mmwithout a chamfer
ity, whether subcritical crack growth, or an adsorptionwere used. The notches were cut to a depth of 15% of the
effect, or a combination of both, manifests itself in thespecimen height, in one to three passes, using a diamond
same way in both strength and SENB fracture toughnessaw blade with a width of 10am. Further material de-
tests, making the latter appropriate to characterize thtils are given in Ref. 2.
effects of humidity on crack growth. As the stress applied at the notch must be known as
exactly as possible, a four-point test jig with inner and
V. ANALYSIS OF DOUBLE TORSION TESTS outer spans of 15 and 36 mm, respectively, was used.
In Eq. (46)F denotes the forcey andh,, the thickness Typically, five specimens were used for testing. The hu-
and thickness in the groove; andw,,, the width of the  midity in the test chamber is set by flushing the chamber

specimen and loading span, andPoisson’s ratio = surrounding the specimen with dry nitrogen gas or with

0.30). The stress intensity of a double torsion (DT) specihumidified air. Alternatively, the test is conducted with
men is given by° the bar submerged in water. After this, the bar is loaded

3 with a loading rate of 0.2, 2, or 20 mm mih corre-
K, = Fw,, \/ - , (46) sponding to 2.3, 26.3, and 275 N'srespectively, as was

wh’h, (1 = v){i(1) determined experimentally. After the test, the dimensions
correcting for finite beam thickness with a factp¢r). ~ Of the bar and the notch were measured using an elec-
The parametet is given by tronic micrometer and an optical microscope equipped
oh with a measuring ocular. The tested bars were subse-
T (47) quently subjected to a fractographical analysis to deter-

mine whether they failed “regularly” (i.e., no failure

For values ofr smaller than 1 (square cross section of theinitiation from pores or other defects on the notch tip).

beams);s can be approximated by One series of tests was performed on a four-point bend-
B(r)=1-0.6302 + 1.20r - €7, 4g N9 test machine, mounted in the vacuum chamber of a

. scanning electron microscope (SEM) at a pressure equal
with an accuracy of better than 0.1%. Note that the stresg, o |ower than 7 x 10¢ Pa. with a loading rate of

intensity is independent of the crack length. In practiceg g \ g2,
this only applies in the mid 60% to 70% of the specimen
length**~*3
The fracture toughness can be measured by applyingB. Double torsion experiments

force causing direct catastrophic fractufe,”**°If the Double torsion (DT) specimens measuring nominally
initial crack length is sufficiently long, the crack can 15 x 42 mn? with a thickness of either 1 or 2 mm were

grow subcritically, without any influence of the crack ,seq. The test jig had three lower bearing points, two
length on the stress intensity. Only the chemical activity,¢ the line of loading and one support point near the

of the reactive species will influence the fracture tough-gng of the specimen. A spacer was used for positioning
ness. In the absence of region II, diffusion limitation t©0he specimen on the jig. After applying a small preload
SCG can be neglected. Therefore, in fact, the adsorptiony fixate the specimen, the spacer was removed from
controlled fracture toughnesk,, is determined by this ihe specimen. The desired test atmosphere humidity
method as a function of the environmental humidity, in-\ a5 then set by flushing with dry nitrogen or humidi-
stead of the inert fracture toughnegs,. This modifies  fieq ajr. To measure the fracture toughness, DT speci-

Eq. (46) to mens of 1 mm thickness were used with a starting notch
R 3 length of 14 mm, to ensure that the crack tip, whether the
Kic = FWp, \/ 3 (49)  crack grows subcritically or not, is located in the mid
whhy (1= v)is(7) 60% of the specimen length. The specimen was posi-
VI. EXPERIMENTAL PROCEDURES tioned and preloaded and the humidity was set, as de-
scribed above. Then, the specimen was loaded with a
constant load rate of 0.2 mm mih This low loading rate
The experiments were performed on two types ofwas chosen to make sure that if subcritical crack growth
Mnzn ferrite, labeled type 2 and type4made using would occur, the humidity at the crack tip would remain
standard mixed-oxide processing and resulting in soeonstant, at the same value as in the environment.

A. Fracture toughness tests

1382 . J. Mater. Res., Vol. 15, No. 6, Jun 2000
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As in the standard test, the force was recorded versu8. Double torsion tests
time. The load at which catastrophic failure occurred Tpq adsorption-controlled fracture toughnelgﬁ, of

was registered. type-4 material was determined from the fracture force
measured using 1-mm-thick specimens with a 14-mm
C. Strength experiments notch, using Eq. (49). At each humidity, five samples

) ) were tested. In some tests, a deflection was found in the

'_rhe strength of the mate(lals was m_e.asured d're,CtlYoad—time curve, as shown in Fig. 5, as opposed to a
using the E-cores with the aid of a modified three-pointjjne 4 dependence. This (partial) load relaxation is attrib-
bend test, the so-called W-test. A span of 36 MM wWagyteq to subcritical crack growth. The tests in which this
used with a loading rate of 0.2, 2.0, and 20 MMM 4cerred were replaced by tests in which a linear load—
corresponding to 0.470, 8.33, and 84.1N srespec-  {jmo relationship was found. The mean adsorption-

tively. Typically, 25 specimens were used. Before testqngjied fracture toughness values of the resulting sets
ing, the specimens were chamfered 200 to 60 on are given in Table I.

wet P400 sand paper and subsequently dried. The envi-
ronment was controlled similarly as in the case of thec Strength tests

toughness measurements. Further details are given in
Ref. 1. The results of the W-test strength tests performed on

type-2 and type-4 materials are shown as ratios of
strength over fracture toughness in Figs. 6 and 7. From
D. Fractography these graphs we conclude that the behavior of strength

Using grid of about 1800 points, the ratio of trans- and@Nd fracture toughness are quite similar.
intergranular fracture was measured on SEM photo-

graphs of the fracture surfaces of the strength specimens, 1.g¢0
yielding a standard deviation of about 5%. These meas- 1.gg
urements were done for the three loading rates as used in  1.7¢0 |, :
the strength tests at relative humidities (RH) of 2.5, 60,; 160f* " . A 0.2 mm.min"
and (near) 100%. Moreover, the ratio of trans- and inter+g 150 |* . -
granular fracture was measured as a function of cracl 1.40 , : | ¢ 2mm.min
extension at 60% RH at a loading rate of 2.0 mm Thin — 1.30 , L _ ® 20 mm.min-
Finally, the DT specimens were also examined qualita~ 1.20 * . i '
tively. 1.10 | o S

1.00 ot

0.90 ‘ :

0 20 40 60 80 100
RH [ %]

FIG. 3. SENB fracture toughness data of core type 2 at six humidities

The results of the SENB tests performed on type-2 andnd three loading rates; error bars indicate standard deviation in the
type-4 materials are shown in Figs. 3 and 4. In both casegean.
it is assumed that no subcritical crack growth occurs,
which means that the depth of the machined notch is
taken as the size of the critical defect. Equation (31) was
used to calculate the defect geometry facty,for each
specimen. The fracture toughness values of the indi—
vidual bars, calculated using Eq. (30), were averagecE
over the samples measured at the same load rate arfl
humidity. The standard set size was five. If fractographi-=
cal analysis raised doubt whether the crack proceeded?
regularly in a specific sample, it was decided to remove™
the sample concerned from the set. One set of SENB
specimens of 4 type-material was measured in high
vacuum &7 x 10 Pa), resulting in a fracture toughness 0T % w0 e s 100
Kies = 1.99 MPan’? with a standard deviation of RH [ % |
0.08 MPa i on the mean'_ From the literature it is FIG. 4. SENB fracture toughness data of core type 4 at six humidities
known that under these conditions, the load rate does N@hq three loading rates; error bars indicate standard deviation in the
influence the fracture toughness of an MnzZn fertte.  mean.

VII. RESULTS OF THE VARIOUS TESTS
A. Single edge notched beam test

1.70

A 0.2 mm.min!
1.50
® 2 mm.min?

% =B 20 mm.min!

— e ——
o ——

—r— H—e—a+—

b
[

-
—r——e—uH
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D. Fractography fracture in the strength specimens decreased with crack
From the fractographic analysis of the toughnes€Xtension fronib0% at 1 mm from the surface {610%

specimens, only a small effect of loading rate and relativét crack extensions larger than 3 mm from the surface.

humidity was observed. With higher loading rate and'N€ €xamination of the DT specimens revealed that

lower relative humidity, a smaller fraction of transgranu-¢rack bridging hardly ever occurred.

lar fracture was observed but in all cases the fraction

transgranular ranged between 60% (high RH, low rate) t&/Ill. DISCUSSION

40% (low RH, high rate). The amount of transgranulary pouble torsion test: Adsorption-controlled

fracture toughness

1
> The great advantage of a DT test over an SENB test for

. measuring the fracture toughness of a material possibly

g ; susceptible to subcritical crack growth is that the stress

10 i intensity factor of the specimen does not depend on the
: crack length over the mid 60 to 70% of the specimen
5 length?**%13At crack lengths between 20% and 80% of
the specimen length, the stress intensity will only depend
on the actually applied load. Moreover, subcritical crack
; growth can easily be observed in a DT specimen. In the

. ; literature, the fracture toughness as determined with the

0 — — DT method has been compared to that measured using
0 10 20 30 40 50  flexure specimen$>!”In those cases, a higher fracture

t [s] toughness was found in the DT test, while in the present

FIG. 5. Load-time curves of DT fracture toughness tests; dashe§3S€ the SENB test results in a h'gher fracture toughness.

curve linear until failure and solid curve showing nonlinearity due to This could be caused by measuring the fracture tough-
subcritical crack extension. ness during crack initiation, which would result in higher

failure loadst* More likely, the discrepancy between

TABLE |. Adsorption-controlled fracture toughness and standard de-the results of the SENB and DT tests can be attributed

viation in the mean as measured using DT specimens of type_éo the fapt that the present DT results were not corrected
material. or the influence of crack shape front, which would
increase the fracture toughness in the DT test with 5% to

FIN]

RH (%) Kic (MPa m™) sd. Ke (MPam™® 1004423 Unfortunately, the crack front shape could not
25 1.595 0.066 be determined satisfactorily in the ferrite samples.

20 1.527 0.130

40 1.393 0.077 B. Analysis using the subcritical crack growth

80 1.330 0.083

100 1.194 0.111 In Fig. 8, the fracture toughness data from Fig. 4 is
replotted versus the loading rate. The loading rates used
here were determined experimentally. For each loading
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FIG. 6. Value of% versus relative humidity at three loading rates for FIG. 7. Value of?® versus relative humidity at three loading rates for
type-2 material. type-4 material.
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rate, the fracture toughness increases with decreasing haecounts for the effect of adsorption on fracture surface
midity. The fit procedure based on the SCG power lawenergy and therefore, indirectly, crack growth rate. As
[Eqg. (41)] was used on the data of core type 4, calculatinghe latter effect has been characterized successfully by
the SCG parameten, assumed not to vary with humid- measuring the water adsorption isotherm and by deter-
ity, and different values for the adsorption-controlledmining the adsorption-controlled fracture toughness in
fracture toughness,. and the pre-exponential factor, two independent ways, the kinetic effect of water vapor
vy, » for different humidities. The resulting values are pressure on the crack growth rate can be obtained from
given in Table Il
Figure 9 shows the adsorption-controlled fracture o = YoH,0
toughness resulting from the fit to the SENB results and 2 _ n
resulting directly from the DT tests. The inert fracture Vads \/1 ©In(1 + bp0)
toughness, as measured in vacuum, is also shown.  Using the values for the parameters as obtained in this
The dependence of the adsorption-controlled fracturanalysis up to now, the factagpy o can be calculated.
toughness on the relative humidity can be described usFhe resulting values are plotted in Fig. 10. Standard de-
ing Eqg. (13) and the parametby, o, from the measured viations are typically on the order 1 x T0ms™. For
adsorption isothernb(, , = 0.71). The values found for
the different resulting fit parameters are listed inTABLE Il. Values of fit parameters determined assuming the fracture
Table Il and IV. The value for the inert fracture tough- toughness to depend on relative humidity.
ness deermined from the fit on the SENB data, as K N
2.0 MPant’?, agrees very well with the value of gy () (MPa i?) n Q) a0+ mis)
1.99 MPa n¥’? determined experimentally in high

(59)

vacuum. The fit on fracture toughr_less obtained in this 2(2)'5 1:(732‘21 ﬁ;g é:gg?
way turns out to be of a good quality. 40 1.508 11.73 7.968

Comparing the adsorption-controlled fracture tough- 60 1.416 11.73 5.316
ness determined from the SCG fit to the SENB results 80 1.396 11.73 5.262
and measured directly using the DT test shows that th&° 1317 11.73 2299

effects of humidity on adsorption-controlled fracture
toughness can be contributed to the decrease in fracture
surface energy by adsorption. 210

The crack growth rate depends on the water partial
pressure in two ways, as can be seen from Egs. (27) and 1.90 +  SENB fit
(26). The facton,, = pj} o accounts f(_)rthe kinetic effe;ct & 470 atmospheric
of water vapor pressure on the reaction rate. According tog . SENB
the standard chemical reaction rate theory, the extent off 1 59 vacuum
its influence depends on the (pseudo-) reaction onger, =
The factor o2 130 = o7
[ ]
1.10
— nd/2
Vads ~ (1 + przO) ' (50)
0.90 ‘
0 20 40 60 80 100
0,
1.80 RHI% ]
- * RH=25% FIG. 9. Adsorption-controlled fracture toughness as measured using
Z . DT method for type-4 material and obtained from SCG power law fit
- 1.60 e 4 RH=20% and inert fracture toughness as measured using SENB test in vacuum.
= a _.-"
E e © RH=40%
o e .8 N _
s 1.40 R Y RH=60% TABLE I, Values of parameters found by fitting the adsorption
— o = equation to the fracture toughness data versus relative humidity, sur-
8 R © RH=80% face excess at full coverage calculated from fit data, and Langmuir
X 1.20 g/// o constant b determined from adsorption isotherm experiments.
vz O RH =100 %
- 0 Parameter Value
1.00 — ‘ ‘ ‘ =
1 10 100 300 K. (MPa mt?) 1.97
D (- 0.94
dF/dt [ N.s] \ ((_)) oo
FIG. 8. SCG power law fit to experimental fracture toughness data for Iy (1074 mol m™) 6.26
type-4 material versus loading rate.
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1.5e-03 The values of the factovgpy} o can be shown to be
independent of the loading rate, by fitting as a function of
_. 1.2e-03 . loading rate, instead of humidity. This shows that the
» vapor pressure at the crack tip is equal to, or at least
g 9.0e-04 g LSRR AR linear proportional to, the atmospheric bulk vapor pres-
- ! + sure, meaning that no diffusion limitation of crack
S 6.0e-04|
g growth rate occurs.
> ‘
3.0e-04 + Empirical power law models
0.06+00 ¥- A large number of empirical crack growth rate power
0.00 020 040 060 080 1.00 laws have been used in the past to describe SCG. For
Puo [-1 example, a power law resembling Eq. (26) can be used

with the inert fracture toughness and a humidity inde-
pendent pre-exponential factof, The fit of the resulting
relation to the data of core type 4 gives= 24 andv| =
Pio < 0.20,v,p7 o depends linearly om,, o that is, 27 X 10° m s™. As the factom,qdf),o is about constant
n = 1. This corresponds to a situation where one watefo Pr,o = 0.20, this power law can be used in this
molecule is responsible for breaking one bond. A mechalumidity range, but the fit parameters have no physical
nism as shown by states I-llb—Illb—IV in Fig. 1 can be €lévance. -
envisaged for this situation. In this pressure ranges= /A number of similar power laws have been proposed
4.38 x 10°m s'%. At higher water vapor pressures with a humidity-dependent pre-exponential factor, ac-
(Pu.o = 0.20), the factom,p?l o no longer depends on cording tovy, = vopi o A review of_ the gppllcatlon of
Py (2) that is, = 0 2 such power laws to SCG in optical fibers generally
20! ! : : 18-21 H H
itis improbable that this is caused by a rate limitationShoWed a reaction ordes, of 2.5.7*% Using this to
in the bond-breaking reaction; as in catastrophic crackl0del the fracture toughness data of core type 4 results
growth, higher crack growth rates can be reached. AN M = 2.99, while the pre-exponential factat, differs
mechanism where the actual breaking of the bond nyvith a factor of 19 from the value resulting from our

longer depends on the formation of a transition stateCC analysis. For this type of empirical power law an
complex would limit the influence of the vapor mol- effective reaction ordery’ can be determined for which

ecules to a decrease in fracture energy by covering th@PPlies
fresh fracture surface (i.e., to adsorption). This corre- ot = uo? (1 +b nd/2 52
sponds to the reaction I-lla—Illa—1V in Fig. 1. The rate of VoPh,0 = YoPrizo ( Ph0) ' (52)
the kinetic mechanism can be limited if the formation of For bp, o > 1, it applies thaty, = vb™?andn’ = m +
the transition state complex is rate limiting. The adsorpnd/2. This shows that, thanks to its mathematical simi-
tion residence time of a single adsorbate molecule isarity to Eq. (26), this type of power law model can be

inversely proportional to the partial pressure. An increasgised to describe the fracture toughness, but that its suc-
in pressure will decrease the probability for a molecule tcess is rather fortuitous.

stay adsorbed long enough to form the transition state

complex. Therefore, a limited contribution of this mecha-

nism to SCG can be expected at higher pressures. On thé. CORRESPONDENCE BETWEEN FRACTURE

other hand, at higher water vapor activities, the stressTOUGHNESS AND STRENGTH

enhanced thermal activation can become rate IImItlng In In this section’ it will be shown that the Changes in

that case, a sufficient supply of water is present, leadingtrength of material types 2 and 4 with changing humid-
to a zeroth-order reaction in water. ity and stressing rate, as shown in Figs. 6 and 7, corre-
spond to the respective changes in fracture toughness as
measured in SENB tests. As some of the humidities at
vxhich the strength of material type 2 was measured differ
ffom those at which the fracture toughness was deter-

FIG. 10. Pre-exponential factor versus water vapor pressure.

TABLE IV. Values of fit parameters for the fracture toughness at
separate loading rates as found using the measured adsorpti

isotherm.
= mined, the strength data were linearly interpolated to the
Voad Kie Jwe corresponding humidities.

(mm mir) (MPa i) *0 (107" mol m®) The ratio® = K, /o, can be calculated for each com-
0.2 1.80 0.62 4.80 bination of stressing rate and relative humidity, from the
2 2.14 0.64 5.81 available strength and the fracture toughness data, using

20 1.99 047 3.39 Eq. (45). In order to check whether the ratio between
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actual fracture toughness and actual strength is reallyneasurements can be used to characterize the effect of
constant, this ratio was calculated for both material typesiumidity on the mechanical reliability of a material, in-

2 and 4. Therefore, the null hypothesis that the individuaktead of using much larger series of strength tests, or
means ofR taken for each particular combination of methods with restrictions as to the minimum sample size,
stressing rate and humidity,(%R), are all statistically the like double torsion tests. Finally, the SCG model intro-
same as the overall-mean of all separate value® of duced here to describe the environmental effects on the
denoted ask. So, the null hypothesis can be formulatedfracture toughness equally applies to the effects on
asHy: w(®) = w(@), which will be tested against the strength.

alternative hypothesisl,: (%) # w(®).?? After calcu-

lating the standard deviation and the number of degrees

of freedom ofR, the parameter can now be calculated X. FRACTOGRAPHY

from From the observation that the fraction transgranular
R -R fracture ranged betwee60% (high RH, low rate) to
t= , (53) 0% (low RH, high rate), we conclude that SCG favors
sp i_ + i transgranular fracture. This agrees with the observations
n@®) nR) as reported by Beauchamp and Monf6eSince the

. . . . amount of transgranular fracture for the strength speci-
using the combined unbiased estimate of the sample stafjeng decreases with crack extension, we note that the

. . . 2
dard deviationsp, given by effective humidity at the crack tip is influenced by the

\/[n(@) T 1] sd. @) + [n@) - 1] sd. @) ?Oumigigailzktrl? environment and by the limited diffusion
sp= = . < Up. .
V(R) + v(R) Crack bridging was observed but only rarely and is

(54)  thus much less pronounced as reported betb@onse-
quently, crack bridging is neglected in the model.
Beauchamp and Monré& also report a change from
about 85% to 50% transgranular fracture as a function of
stress intensity, more or less independent of RH. It
should be remarked though, that significant differences
in materials are present, both in composition and grain
ize. Compare: this work, 71.0 wt% J&;, 20.5 wt%
nO, and 8.5 wt% ZnO versu§b3 wit% FeOs,,
(25 wt% MnO, and1l1l wt% ZnO of Beauchamps and
Monroe**, and this work, 7.3.m versus 24 and 3pm
of Beauchamp and Monrdé,all linear intercept meas-

is 38.74 m** for material type 4 it is 66.52 " urements. A change in fracture mode ratio was also re-
Using the defect geometry factorg = 1.85 andy = ported in Ref. 25 but unfortunately only qualitative

1.26, corresponding tq, = 100 wm andc; = 600 wm, for . )
the initial notch in a SENB specimen and a half-pennyChang(_:‘S and no material details were presented.

shaped defect in a bending test, respectively, the last
factor of the right-hand side of Eq. (45) is about 1.2 for
all realistic values of the parameters. X|. CONCLUSIONS

Using Eq. (45) to calculate the mean initial sizes of the In this paper, it is shown that fracture toughness meas-
defects in material types 2 and 4 results in approximatelyrements performed on MnZn ferrites are affected by
290 um and 100wm, usingY = 1.26, assuming a semi- environmental humidity. The SCG power law, incorpo-
circular crack shape. These are somewhat larger than tiating the chemical activity of the reactive species and
actual sizes of the critical defects as observed in thesthe surface energy decrease caused by adsorption of
materials by fractographlyComparing the results of ma- those species on the fracture surface, was successfully
terial types 2 and 4 shows that the type and geometry afised to describe the dependence of actual fracture tough-
the defects (processing-induced cannibalic grains oness on humidity and loading rate. The adsorption-
large pores in case of material type 2, and grinding dameontrolled fracture toughness and the pre-exponential
age in material type 4) do not influence the sensitvity tofactor from this model were both determined by a fit of
humidity, nor does the geometry of the specimen havéhe model to the experimental data. The adsorption-
any influence. Apart from the conclusion that the experi-controlled fracture toughness was also measured directly,
ments were performed accurately, using appropriatesing the double torsion method. From the dependence of
methods, these results show that fracture toughneshe pre-exponential factor on the humidity, it was shown

Choosing the significance level at= 0.005, one finds
for a two-tailed test, with a number of degrees of free-
dom,v = 17, a critical value for the test statisti¢, of
2.898 (which means th&(|t]) > 2.898 = 1%).

The number of samples in the strength tes(s;) was
25 for all tests. The resulting valuestathow that at only
3 out of 18 test conditions, the null hypothesis has to b
rejected (at 0.2 mm miit, 2.5% RH and 60% RH and at
2 mm minit, 20% RH). The values oft are shown in
Figs. 6 and 7. the overall mean @f for material type 2
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that for small water vapor pressurgs,(, < 0.20), the 7.
reaction orderm, is unity while for larger humidities

m = 0. A tentative explanation for this effect has been 8.
given, based on a decreasing adsorption time, compareg'

to the time needed to form a transition state complex aftero.
adsorption. Perhaps the stress-enhanced thermal equilibt.

rium kinetics become rate limiting. It has been shown
that for higher humidities, empirical rate laws used “tra-;
ditionally” can be successful as well. Their success is,

however, fortuitous and relies only on the mathematical.4.
similarity between the resulting relations. The results ofl5.

the SENB fracture toughness tests are shown to be
equivalent to those of the W strength tests. The effects

defects. Therefore, to characterize the mechanical reli-
ability of an Mnzn ferrite and the effects of SCG, SENB
tests can be used, with the advantage that a smaller num-
ber of tests has to be performed. 19

20.
21.
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