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Abstract

The fracture behavior of the notched unidirectionally solidified eutecOAYAG composite was investigated by tensile test at room
temperature to 2023 K, and the results were analyzed by the finite element method. The stress—strain behavior, notched strength and the
fracture toughness were strongly dependent on temperature and displacement speed. The specimens fractured in a brittle manner at low
temperatures and at high displacement speeds but in a ductile manner accompanying plastic deformation at high temperatures and at low
displacement speeds. The notched strength for a given displacement speetiofslidicreased with increasing temperature from 132 MPa
at 1873 K to 153 MPa at 1923 K, and then decreased to 133 and 110 MPa at 1973 and 2023 K, respectively. Also the notched strength for a
given temperature of 2023 K increased with decreasing displacement speed from 67 MPa at the displacement speefd t6 124 MPa at
10~®m/s, and then decreased to 110 and 72 MPaat 40d 10 m/s, respectively. The stress distribution and the plastic zone size ahead of
the notch were calculated by a finite element method using the dependence of flow stress on temperature and displacement speed. Based 0
the calculation result, the experimentally observed increase in the notched strength with increasing temperature and decreasing displacemen
speed up to the maximum value could be accounted for by the increase in plastic zone size ahead of the notch. Also, the observed decrease i
notched strength with further increasing temperature and decreasing displacement speed could be accounted for by the decrease in the stre:
carrying capacity of the yielded ligament.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction ing for high temperature use as fiber materials for
reinforcement and as bulk materials for machine parts due
Directionally solidified eutectic ceramic composites to high oxidation-resistance.
have clean interface, high thermodynamical-compatibility Concerning the bulk-type AD3/YAG, Al 03/Er3Al5012
between/among the constituting phases, and high staticand AbO3/GdAIO3 eutectic composites prepared at Ultra
and creep strengths, as has been reported by manyHigh Temperature Materials Research Center, Yamaguchi,
researchers based on the microstructural, crystallo-Japan, the following features have been reported by Waku et
graphic and mechanical studit®> Among many eutectic  al.5819-12 ypshida et al®, Nakagawa et &ai® and Ochiai
composites, oxide/oxide systems such asMAIZrO; et al?! (a) They consist of continuous networks of sin-
(Y203),3518-20.23  A,05/Y 3A115012(YAG),6-211-15.21.22 gle crystal (110 Al,Os and single crystak110 YAG
Al,03/ErsAls015%26 and ALO3/GdAIOs1%25 are promis-  (ErsAlsO12, GdAIO3)8810-12163n( the interface is clean
without grain boundary and glassy ph&se'%11.16(b) The
* Corresponding author. Tel.: +81 75 753 4834; fax: +81 75 7534841,  Microstructure is very stable. For instance, even after the ex-
E-mail addressochicai@mech.kyoto-u.ac.jp (S. Ochiai). posure in air at 1973K for 1000h, it is same as before.

0955-2219/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
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(c) The bending strength of AD3/YAG at room tempera-
ture, around 400 MPa, can be maintained almost up to the
melting point of 2093 K when the displacement speed is
high8-81521The bending yield stress of AD3/GdAIO; is
so high as around 700 MPa at 1873%(d) Compressive
creep strength at 1873 K is about 13 times higher than that of
the sintered composite with the same composifiéhDue
to these excellent stability of microstructure and mechanical
property at ultra high temperatures, the maximum operating
temperature of these composites can be 1773-1973K, be-
ing much higher than that (1323-1373 K) of Ni-based sin-
gle crystal cast superalloys and that1300K) of oxide
ceramic$10 Therefore, several useful applications can be
considered, for instance, gas turbines and power-generation
systems with non-cooled turbine blades at very high tempe-
raturestO

For practical application of these composites, it is re-
quested to accumulate experimental data and to reveal the
mechanism of deformation and fracture. In our former (
work 2! the deformation and fracture behavior of the un-
notched and notched bulk-types&s;/YAG composite spec-
imens was investigated by bending test at room temperature
to 2023 K under various displacement speeds. Following fea-
tures were observed.

Displacement speed: 8.3x10m/s

B)
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(A) The load—displacement curve of unnotched specimens

was dependent on the test temperature and displace-
ment speed, as shown Fg. 1(a)—(c). Below 1773K,

the specimens were brittle at all displacement speeds
investigated. Beyond 1823 K, the ductility was depen-
dent on the displacement speed. At the low displace-
ment speed of 8.8 10~8m/s (a), the specimens were
ductile from 1823 to 2023 K. At 8.3 10~' m/s (b), the
ductility was lost at 1823 K while it was kept in the tem-
perature range from 1873 to 2023 K. At the high speed
of 8.3x 107 (c), the specimens were brittle at all tem-
peratures investigated. In this way, the unnotched spec-
imens fractured in a brittle manner at low temperatures
and at high displacement speeds but in a ductile man-
ner accompanying plastic deformation at high tempera-
tures and at low displacement speed. Correspondingly,
the brittle—ductile transition temperature increased with
increasing displacement speed.

At the lower displacement speeds of &30’ m/s and
8.3x 10~8m/s, the unnotched strength of the speci-
mens, which fractured in a ductile manner, decreased
with increasing temperatur€&ig. 1(a) and (B)). At the
higher displacement speed of &30-%m/s, at which

all specimens fractured in a brittle manner, the strength
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Fig. 1. (a, b, c) Load—displacement curve and g c') strength of unnotched specimens measured by the three-point bending test at room temperature to
2023K at the displacement speeds of (a8a8x 1078, (b, B) 8.3x 10" m/s and (c, § 8.3x 10 8 m/s.
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Fig. 2. Load—displacement curves of the notched specimens measured by
the three-point bending test at room temperature to 2023 K at the displace-
ment speeds of (a) 8:310~8m/s and (b) 8.3 10 m/s, and the change
of apparent mode | fracture toughness with increasing temperature (c).

value at room temperature was almost maintained up to
2023 K (Fig. 1(c)).

(C) The dependence of load—displacement curve and frac-
ture toughness of notched specimens on temperature
and displacement speed is shown Rig. 2 When
the displacement speed was low (8308 m/s), the

(and fracture toughness) is expected to increase with in-
creasing temperature. On the other hand, as the flow
stress decreases with further increasing temperature, the
plastic zone ahead of the notch can be large enough to
cover the ligament in the notched cross-section (overall
yielding). Atsuch high temperatures, the notch extension
is suppressed due to the enhanced plastic deformation
but the flow stress decreases with increasing tempera-
ture, resulting in decrease in the stress carrying capac-
ity of the ligament. As a result, the strength of notched
specimens decreases with increasing temperature. Thus,
it is expected that, for a given displacement speed, the
notched strength increases and then decreases with in-
creasing temperature.

'__E 6l O 83X10® ] (i) Atvery hightemperatures, the composite is ductile at low

s . I displacement speeds, while it is brittle at low speeds. At
= P _&4_%__9},,_,:._ B low displacement speed range, the plastic zone grows
g2 ®KQatRT to cover the ligament, and the notch extension is sup-

pressed. In such a situation, the stress carrying capacity
of the ligament and therefore the strength of notched
specimens increase with increasing displacement speed
due to the increasing flow stress. On the other hand, at
high displacement speed range where overall yielding of
ligament does not take place, the size of the plastic zone
ahead of the notch is limited and the specimen fractures
in a brittle manner. In such a situation, as the flow stress
increases with increasing displacement speed, the size
of the plastic zone and therefore the notched strength
decrease with increasing displacement speed. Thus, it
is expected that the notched strength increases but then
decreases with increasing displacement speed.

notched strength increased with increasing temperature  In this way, it is expected that, under a given displacement
(Fig. 2(a)). Onthe contrary, when the displacement speed speed, the notched strength increases with increasing tem-
was high (8.3« 10-®m/s), the strength was nearly the perature, reaching maximum and then decreases. Similarly,
same at any temperaturEig. 2(b)). Accordingly, the it is expected that, under a given temperature, it increases
apparent fracture toughness vakig, estimated by the  with increasing displacement speed, reaching maximum and
linear elastic fracture mechanics, was nearly constant for then decreases. The aims of the present work are (1) to ex-
8.3x 10~ m/s but it increased with increasing temper- amine experimentally whether the expected feature appears
ature for 8.3x 10~8m/s, as shown iffig. 2(c). TheKqg or not by tensile test of the notched bulk-type@b/YAG

value of the specimen tested at the displacement speed otomposite specimens at 1873 to 2023 K, and (2) to describe
8.3x 10-8m/s at 2023 K is shown in the parentheses for the temperature and displacement speed dependence of the
reference since the application of the linear elastic frac- notched strength from the viewpoint of the stress and plastic
ture mechanics might be limited due to the enhanced zone distributions by means of the finite element analysis.
plastic zone ahead of the notch.

Theseresultsindicate that the plastic zone formation ahead
of the notch, which plays a dominant role for determination
of the Kq value, is dependent on displacement speed and
temperature. Considering the temperature and displacemen
speed dependence of the growth of plastic zone, the following
behavior can be expected.

2. Experimental procedure
g.l. Specimens and test method

The commercially available-AloO3 powders with the

purity higher than 99.99 mass% (AKP-30, produced by Sum-
(i) When the plastic flow takes place ahead of the notch, itomo Chemical Co. Ltd.) and 203 powders with the pu-
it acts to raise the notched strength. As the plastic flow rity higher than 99.9 mass% (03-RU, submicron-type,
stress decreases and therefore the plastic zone size inproduced by Shin-etsu Chemical Co. Ltd.) were mixed in
creaseswithincreasing temperature, the notched strengtithe eutectic molar ratio of 82:18. The mixed powders were
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Fig. 3. Schematic representation of the notched specimens for tensile IEStWhel‘eaN is the notched strength estimated by dividing the
(a) Dimension in mm. (b) Configuration of double edge notch. . ! .
ultimate load by the gross cross-sectional area.

ball-milled in ethanol to achieve high homogeneity. The ob- 2.2. Finite element analysis
tained slurry was dried and pre-melt by arc melting to ob-
tain initial ingots. The ingots were crushed and the resultant ~ The finite element analysis for notched tensile specimens
powders were molten in a Mo crucible by high frequency was carried out with the commercial finite element code
induction heating at a pressure of k30 3Pain anargon  MARC/Mentaf™. The employed meshes and boundary con-
atmosphere. After the melt was sustained at 2223 K for 1.8 ks, ditions are presented ifig. 4 The analysis was carried out
it was solidified unidirectionally by descending the Mo cru- under the plane strain condition. For calculation of the stress
cible at a speed of 1.39 10 ®m/s under the atmosphere state of unnotched specimens, the notch was removed under
stated above. The temperature gradient at the liquid—solidthe same meshes and boundary conditions.
interface was approximately 8 K/cm. The temperaturel] dependence of the Young’s modulus

Tensile test was carried out for the double edge notchedof the composite E;) was taken from our former wor
specimens shown iRig. 3using the high temperature testing E;=356—0.0310" (GPa). The Poisson’s ratioy, of the
system (Instron type 8562) at Japan Ultra High Temperature composite was taken to be 0.24, since the Poisson’s ratios
Materials Research Center. The notch-tip radius was madeof Al,O3 and YAG are 0.23 and 0.25, respectiviand the
50um with a special saw. The relative notch lengtia/{& volume fraction of each phase is §%:11.12.15.2)assuming
wherea and W are the notch length and specimen width, thatthe Poisson’s ratio is constant over the temperature range
respectively) was 0.3. The specimens were heated to the preeoncerned and using the relation among the shear modulus
scribed temperatures under an argon atmosphere, held foks, Young’s moduluskE and Poisson’s ratie, given by G
5 min and then tested. The test was carried out at the tempera¢=E/2(1 +v)), the shear modulus of the composite was given
tures of 1873, 1923, 1973 and 2023 K under the displacementby G. = 144— 0.0129.
speed of 10’ m/s and at the displacement speeds of®.0 It has been shown that the relation of the strain éate
10~7, 10-% and 10°°> m/s under the temperature of 2023K. the flow stressr in plastic deformation of the AD3/YAG

The notched specimens showed brittle and ductile fracture composite at around 1700-2023 K is expresseft bi?1°
modes depending on test temperature and displacement speed
as will be shown later in Sectidh 1 For the specimens that ; — A4” exp (_£> (3)
fractured in a brittle mode, the apparent fracture toughness RT
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whereA is the constanty is the stress exponer,is the ac- 190 — . x . x .
tivation energy for plastic deformation aftis the gas con- 180
stant. Waku et a2 found n=5-6 andQ=670-905 kJ/mol
from the compressive creep test and Yoshida & &und
n=6 andQ= 730 kJ/mol from the static compressive test of
the present composite.

It has been known that the plastic and creep deformation
of ceramics is controlled by dislocation mechanisms (dis-
location glide and climb, dissolution of dislocation loops
and so on) or boundary mechanisms (sliding accommodated 120
by diffusion, sliding with glassy phase at grain boundary, L
and so on), as summarized by Cannon and Langtand 110 120 130 140 150 160 170 180 190
Davidge®! The boundary mechanisms are not the present Omeasured (MPa)
case since the present composite has very clean interface be-
tween AbOs ANl vac and hias no grain bosdary and o 8 b it e measred ones of e unnotched tnsile specimens de

8,11 12 i 5 ment method wi € measure -
?Azsj’élgzg;%n StYl\;il(uliee;?rL bz?ﬁngogs;rfjaYeﬁfg i.notzze[;\l/aesd- formed at 1923, 1973 and 2023 K under the displacement speed%ml@.
tically deformed specimens with the transmission electron
microscope. Their observation result, together with the mea-
sured value oh=5-6, suggests that the plastic deformation 3. Results and discussion
of this composite can be attributed to the dislocation glide
and clime, controlled by clim-31 3.1. Experimental results of stress—displacement curve

Concerning the tensile behavior of this composite, the tem- and notched strength
perature and displacement speed dependence of flow stress
is not fully known. In the present work, th n andQ val- Fig. 6 shows the measured tensile stress—displacement
ues were determined as follows. (i) Based on the disloca- curves of the notched specimens at the temperatures of 1873,
tion mechanism for plastic deformation as stated abovey the 1923, 1973 and 2023 K under the given displacement speed
value was takento be 5. (i) TeandQvalues were estimated  of 10~/ m/s. The stress is given by the gross stress, estimated
from the result of Waku et al who reported the stress—strain by dividing the load by the cross-sectional area. The spec-
curves up to 2023 K under a strain rate of $8~1 (corre- imens at the lower temperatures of 1873 and 1923K frac-
sponding to a displacement speed of 1f/s) using the un-  tured in a brittle manner in the elastic range, while those
nocthed specimen whose overall shape and size were samat the higher temperatures of 1973 and 2023 K fractured
as the present specimeridd. 3(a)). As the variation of the  in a ductile manner, accompanied by the plastic deforma-
flow stress with strain in the plastic region was smallin the re- tion in spite of the existence of the notdfig. 7 shows the
ported stress—strain curve (Fig. 11 in Ref. 4), the stress—strairmeasured stress—displacement curves of the notched spec-
curve was approximated to be elastic-perfect plastic. Then,imens at the displacement speed of 401076, 1076 and
from the fitting of the flow stress-values at 1923-2023K to 10->m/s under the given temperature of 2023 K. The spec-
Eq. (3) with n=5, Q was estimated to be 750 kJ/mol, which imens fractured in a ductile manner when deformed at the
was nearly the same as 670-905 kJ/mol and 730 kJ/mol estidower displacement-speeds of faand 107 m/s, while they
mated from the compressive creep and static tests mentionedractured in a brittle manner when deformed at the higher
above. Thus, we had the followirg(MPa)-¢ relation: displacement speeds of 19and 10°° m/s. In this way, the

fracture mode turned from brittle to ductile with increasing
> — { € }1/5 { exp{1.81 x 10%} } temperature under the given displacement spEed ) and
" l123x 1P T with decreasing displacement speed under the given temper-
ature Fig. 7).

The yield stress (and flow stress after yielding) ofthe com-  Fig. 8 shows the (a) temperature-dependence of the mea-
posite is a function of strain rate and temperature. Inthiswork, sured notched strength under the displacement speed of
the Von Mises criterion was applied as the criterion for yield- 10~" m/s and (b) displacement speed dependence under the
ing using Eq(4). In advance to the application of the present temperature of 2023 K. (a) to (d) Fig. 8@) and (b) refer to
finite element analysis to the notched tensile specimens, itthe specimens whose stress—displacement curves are shown
was checked, whether the present finite element analysis usin (a) to (d) inFigs. 6 and 7respectively. The closed and open
ing Eq.(4) andE, v; andG: mentioned above can describe circles refer to the specimens that fractured in the brittle and
the behavior of the unnotched specimens or Rigt. 5shows ductile manners, respectively. The apparent fracture tough-
the comparison of the measured flow stresses with the cal-nessKq estimated by Eq.1) of the specimens that fractured
culated ones by the finite element analysis. The calculatedin a brittle manner (closed circles) is also presented. Follow-
values are in good agreement with the measured ones. ing features are read.

B O Measured

170 |- m Calculated

160 -
150 |

140

Ocalculated (MPa)

130 -

110

4
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Fig. 6. Measured gross tensile stress—displacement curves of the notched specimens tested at the temperatures of (a) 1873 K, (b) 1923 K, (c)i)1973K and |
2023 K under the displacement speed of 16n/s.

(1) The notched strength at the displacement speed of  jng maximum at the displacement—speed of &@/s
10~"m/s increases, reaching maximum at 1923K, and  and then decreases with increasing displacement speed
then decreases with increasing temperatéig. (8(@)). (Fig. 8b)). In this way, the expected temperature and
Also, the notched strength at 2023K increases, reach-  displacement speed dependence of the notched strength
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Fig. 7. Measured gross tensile stress—displacement curves of the notched specimens deformed at the displacement spegds/sf (B) 107 m/s, (c)
10-%m/s and (d) 10° m/s under the temperature of 2023 K.
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< 180 T T 175 8 When the temperature is low or the displacement speed
< ol ® ! :;ZT:C:?;;S @] 70E is high, the size of the plastic zone ahead of the notch tip is
:z A ' 1653 &€ small due to the high flow stress, which allows the extension
g or f/ 5 (g) 180¢ E of the notch, resulting in brittle fracture. The plastic zone
g 120 - @ ] ggg % size increases with increasing temperature (with decreasing
§ -—i > o | 4:53g e displacement speed), which acts to raise fracture toughness.
2 100 | Britle ' Ductile {a0 § The feature in the present results that the notched strength
S g0 . L . 135% increases with increasing temperature (decreasing displace-
1850 1900 1950 2000 2050 ment speed) within the range of brittle fracture (closed circles
Temperature, T(K) in Fig. 8@&) and (b)) can be attributed to such an effect.
On the contrary, when the temperature is high or the dis-
T 160 — . . T ) placement speed is low, the flow stress is low, which allows
S 4 | Tt omperetre 2023K O, & the overall yielding of the ligament, resulting in ductile frac-
o 1201 ) L—® §’g" ture. In this ductile fracture process, the decrease in flow
5@ o/ 1° o E stress with increasing temperature (with decreasing displace-
g 1001 143§ ment speed) acts to reduce the stress carrying capacity of the
v 8 (@) i @ | :; «° ligament. The feature in the present results that the notched
S g0l Ductie* Brite ~ ® 73 e strength decreases with increasing temperature (decreasing
2 40 , , . L 2 § displacement speed) within the range of ductile fracture (open
10°® 107 10°® 10 circles inFig. 8a) and (b)) can be attributed to such an effect.

Whether such a behavior surely occurred or not in the
present specimens was examined by the finite element anal-

Displacement speed, (m/s)

Fig. 8. Measured notched strengtplotted against (a) temperature and (b)  ysis, Figs. 9 and 1Gshow the calculated distribution of the
displacement speed. The opepXand closed®) circles refer tothe ductile 1o o4i 79ne and equivalent stress at the measured fracture
and brittle fracture modes, respectively. The right axis shows the apparent . . .
fracture toughnesisg, which was estimated for the specimens fractured in stress of the composite, respectively. The plastic zone and
brittle mode. (a) to (d) attached to the data points in (a) and (b) refer to the €quivalent stress at the test temperatures 1873, 1923, 1973
specimens whose stress—displacement curves are presehigslié and 7

(() and (i) mentioned in Sectiorl) are actually [ Plastic zone
observed.
In our former workél the apparent mode | frac-
ture toughnessKqg, measured by the bending test
was around 2.5-8 MPa (#§ in the temperature range
of room temperature to 2023K, depending on the

)

Temperature: 2023K

~ il

Displacement speed: 10'm/s

—

test temperature and displacement spebd.( 2). (a) 1873K. (a) 10°m/s.

The measured values ¢fg of the present work are

2.8-6.2 MPa (m)?, being nearly the same as the former

values. ‘—/— ’—f
(3) The fracture mode of the notched tensile specimens -

turns from brittle to ductile when the temperature (b) 1923K. (b) 107 mis.

becomes high under the given displacement speed

(Figs. 6 and @)) and it turns from ductile to brittle

when the displacement speed becomes high under the

given temperatureHigs. 7 and @)). In spite of the ex- (c) 1973K. (c) 10°m/s.

istence of the notch, the temperature and displacement

speed dependence of the brittle—ductile transition shows

the same tendency as that of the unnotched bending spec- ’——f

imens Fig. 1. =

(d) 2023K. (d) 10°m/s.

3.2. Finite element analysis

Fig. 9. Distribution of plastic zone in the notched specimens at the experi-
mentally measured fracture stress, calculated by the finite element analysis.

The features mentioned above suggest that the stress statéhe calculation result for the specimens deformed at the temperatures of

at the notch tip plays a dominant role to determine the frac-

ture behavior and notched strength of the composite through

(a) 1873K, (b) 1923 K, (c) 1973 K and (d) 2023 K under the displacement
speed of 107 m/s are presented in the left hand side, and those for the speci-
mens deformed at the displacement speeds of (& s, (b) 107 m/s, (c)

the temperature and displacement speed dependence of thgy-6 m/s and (d) 10° m/s under the temperature of 2023 K are presented in

plastic flow stress.

the right hand side.
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Displacement speed: 107 m/s Temperature:2023K 1873 to 2023 K using notched specimens under the displace-

ment speed of 10° to 10-° m/s, and the results were analyzed

-ég"opa) ‘ by the finite element method. Main results are summarized
s (a) 1873K (a) 108 m/s as follows:
jred (1) The dependences of the notched strength on temperature
1140 and displacement speed had the following features. (a)
120 (b) 1923K (b) 107 mis The notched strength under the given displacement speed
100 of 10~" m/sincreased, reaching maximum at 1923 K, and
80 then decreased with increasing temperature. The speci-
60 ‘ ‘ mens fractured in the brittle manner at 1873 and 1923 K
40 (c) 1973K (c) 106 m/s and in the ductile manner at 1973 and 2023 K. (b) The
- notched strength under the given temperature of 2023 K
o ‘ increased, reaching maximum at the displacement speed
(d) 2023K (d) 105m/s of 10~% m/s, and then decreased with increasing displace-

Fig. 10. Distribution of the equivalent stress in the notched specimens at
the experimentally measured fracture stress, calculated by the finite element
analysis.

)

and 2023 K under the displacement speed’1@/s are pre-
sented in the left hand side kigs. 9 and 10and those at the
displacement speeds 1%) 10~7, 107 and 108 m/s under

the temperature 2023 K are presented in the right hand side.
The plastic zone is shown by the gray color.

Evidently, the plastic zone size increases and decreases
with increasing temperature and displacement speed, respec-
tively. In the specimens that fractured in a brittle manner at
the temperatures of 1873 and 1923 K and at the displace-
ment speeds of I¢ and 10> m/s, the plastic zone is small
(Fig. 9 and the stress concentration at the notch tip is high
(Fig. 10, while in the specimens that fractured in a ductile
manner at the temperatures of 1973 and 2023 K and at the
displacement speeds of 1and 107 m/s, the plastic zone
covers the ligament portiorF{g. 9 and the stress is nearly
uniform in such a portionKig. 10. These results show that

ment speed. The specimens fractured in the ductile man-
ner at the displacement speeds of 4@&nd 107 m/s

and in the brittle manner at the speeds of 2Gnd
10 m/s.

The distribution of the plastic zone and the equivalent
stress was calculated by the finite element method. The
feature (a) in (1) was accounted for by the increase in
plastic zone size ahead of the notch with increasing tem-
perature in the relatively lower temperature region (1873
and 1923 K) and by the decrease in stress carrying ca-
pacity of the fully yielded ligament with increasing tem-
perature in the relatively higher temperature region (1973
and 2023 K). The feature (b) was accounted for by the in-
crease in stress carrying capacity of the fully yielded liga-
mentwith increasing displacement speed in the relatively
lower displacement speed region (Pand 106 m/s)

and by the decrease in plastic zone size ahead of the notch
with increasing displacement in the relatively higher dis-
placement speed region (16and 108 m/s).

the feature, “the notched strength increases with increasingAcknowledgments
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