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Abstract The objective of this research is to determinebtd®t conditions to measure the fracture toughness
of an ASTM A-743 grade CA-6NM stainless steel uisekydraulic turbine runners. The tests are perémm

on 12.7 mm and 25.4 mm thick compact tension (@Ecsnens. Experimental results show that only the
thicker specimen gives a valid test according td 31820 standard. However, very close crack indra

Jc values are obtained with thinner specimens pravitiey are side-grooved. Thickness effect is edubi
both on the resistance curd@a and the crack front during the stable crack pragag.

This paper is documented with both macroscopic raimtoscopic descriptions of fracture surfaces ia th
stable crack extension region.
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1. Introduction

The use of high-strength martensitic stainlesdsstaenydraulic turbine runners allows reduction in
weight and cost of some components such as ropansips and compressors. Designers take
advantage of the high strength of these steels;hwdie also very little sensitive to corrosion émd
cavitation damage [1-3]. Conventional turbine rusngesign is based on a so-called static stress
design approach, which limits the Von Mises stedsgperating condition to a prescribed fraction of
the material yield stress (eg: < 1/3 ovs). However, this approach does not guarantee rktyabf
runners as many other variables other than staissscan cause failure [4-5]. Welding blades,
crown and band together unavoidably involves thes@mce of weld defects. It is not possible to
detect accurately or size all defects with nonwesive inspection during the turbine runners
manufacturing process, and due to economic reas@ys cannot all repaired. Moreover, some
defects can possibly be tolerated based on FraMehanics assumptions for the whole runner
lifetime (70 years). Hence, to determine a maximallowable defect size, accurate knowledge of
material properties and in particular fracture fougss need to be evaluated.

Measurement of fracture toughndsg is based on Linear-Elastic Fracture Mechanics (MEF
[6-7]. It has been extensively used for high-stterend relatively brittle materials such as metals
used in the aerospace industry and ceramics. Howtneslow carbon martensitic stainless steels
used in hydraulic turbine runners manufacturing iaréhe range of immediate-strength and high
toughness engineering materials. In order to gealal K,c test under small-scale yielding and
plane-strain conditions, the required specimenlmas big as 300 mm in thickness for a compact
tension specimen which is difficult to be testedaincommon laboratory. Moreover, it is also
impossible to fabricate steel in such dimensionhwitomogeneous metallurgical properties
(microstructure and texture) through the wholekhess. In this case, an alternatiwetest method
based on Elastic-Plastic Fracture Mechanics (EPgavi)be used [8-9]i¢ test can be performed on
a relatively small laboratory specimen. This tegtmethod, firstly developed for the engineering
materials used in nuclear power plants, is basddicgls J-integral concept [10].

The objective of the present work is to determihe best conditions to measure the fracture
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toughness of ASTM A-743 grade CA-6NM stainlesslaised in hydraulic turbine runners. For this
purpose, fracture toughnedg tests are performed on smooth and side-grooved acimpnsion
(CT) specimens of different thicknesses. Testscarded out based on ASTM E1820 guide lines
[11]. The investigated material and the experimetgéahnique are first presented. Results of
mechanical tests are analyzed and compared; fraqtoig examinations are also made in the crack
growth regions in order to interpret the fracturecimanisms of the tested steel.

2. Material studied

The experimental material studied in this work isloav carbon CA-6NM steel (13Cr-4Ni
martensitic stainless cast steel). Table 1 givestemical composition limits of the tested materia
as required by ASTM A-743 standard [12]. Heat tresait consisted of austenitizing at 9%5
followed by air cooling. Then, a tempering was paerfed between 566 and 620C allowing the
fresh martensite to temper, giving rise to a bemdfisoftening corresponding to reduce hardness
but increase ductility. The resulting microstruetis mainly tempered martensite with about up to
15% reformed austenite. The basic mechanical ptiepdrave been characterized in an early study
[1]. For brevity, only tensile properties are givegre. The measured yield strengiig is 763 MPa,

the tensile strengtbrs is 837 MPa and the elongation is 27%. All measunedhanical properties
meet ASTM A-743 standard requirements.

Table 1. Chemical composition limits of tested ste.%)
C Mn Si S P Cr Ni Mo

CA-6NM 0.03 0.57 0.37 0.02 0.02 12.68 4.03 0.67
ASTM A-743 0.06 max 1.0 max1.0 max 0.03 max0.04 max 11.5-14.0 3.5-4.5 0.4-1.0

3. Mechanical testing

Standard compact tension (CT) specimen accorditiggg@ecommendations of ASTM designation
E1820 is used. The geometry B test specimen (Figure 1) allows the measuremetdaaf line
displacement (LLD) by means of an extensometer. Gh& mm thick smooth specimen without
side grooves was first tested. Then five side-gedospecimens were tested: two specimens with B
=12.7 mm B/W=1/4) and three specimens with B = 25.4 nW{/=1/2). Side grooves have each

a depth of 10% of the gross thickness B. As theetematerial is in a cast condition, there is no
need to orientate it during machining. All testsrevearried out at room temperature using partial
unloading compliance method on a servo-hydraulgtirtg machine. The tests followed the
guide-lines of the ASTM E1820 standard for the tinee toughness determination from a single
specimen

For the fatigue pre-cracking, two different procetuwere assessed. First, four specimens were
pre-cracked prior to the side-grooving operatiomeammended by E1820 standard. The crack
growth was followed by an optical microscope oncapen polished surfaces. Secondly, two other
specimens were pre-cracked after the side-groovpegation, side grooves were machined at the
same time as the specimens. In this case, therpckheg is monitored by a COD gage using
elastic-compliance method. For all specimens, tteecpack length is about 5 mm, providing an
a/W value of 0.55. During pre-cracking, the loaditl§ is kept to 12 MPeém in order to limit the
plastic zone size

During the experiments, the specimens are subjecteabout 20 loading/unloading cycles. The
_2-
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unloading ratio is 10 % of actual maximum load.efresentative experiment is shown in Figure 2
for a 12.7 mm thick side-grooved specimen. After final unloading, the specimen was marked by
heat tinting (458C for 1 hour). The initial and final crack lengtaga; are measured at 9 equally
spaced locations on the broken specimens.
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Figure 1. Compact tensidix specimen with side grooves (dimensions in mm); ispec gross thickne$3
is 12.7 mm or 25.4 mm; the side groove depthiB at each side.
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Figure 2. Load — load line displacement curve (10%6ading)

4. Results and discussion

4.1 Results
411 Jc testing

Figure 3 shows a representatida curve obtained from the previous 12.7 mm thick gjc®soved
specimen. The blunting line is calculated from mateensile properties as following,

-3-
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J =20,Ma 1)
and o, = Ivs ZUTS

The data points lie between the 0.15 mm offset éiné 1.5 mm offset line parallel to the blunting
line (J = 20vAa) are used for regression line fitting. They canrbpresented by a power-law
expression) = A(Aa)b. The intersection point between the regressioa #nd 0.2 mm offset line
gives a candidate valug which becomesd,c provided that the validity requirements are sesbf
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Figure 3.J-Aa curve for the 12.7 mm thick CT specimen

Then, Kc can be estimated by

EJ
Kic =42~ 2
whereE is Young’s modulus of the steel tested ansl Poisson’s ratio.
Table2 gathers all test results on both 12.7 mm and @dmthick side-grooved specimens. For the
smooth specimen (B = 12.7 mm) which was firstlyeased in the present study, no valid data point
is found due to an extremely stegga curve. There is no intersection between the regredine

and 0.2 mm offset line. So the testing result isginen here.

Table 2. Testing results 8§ for CA-6NM steel

Specimen Test P dJ/da Kic

thickness (kJ/nf) (MPa) (MPaVm)
(mm)

127 CT 05in_1 232 220 230
' CT 05in_ 2 280 210 252
CT 1lin_ 1 256 128 241
25.4 CT 1lin 2 255 133 240
CT 1lin 3 286 124 255

As shown in Figure 4, there is little differencetad beginning of crack extension between 12.7 mm
and 25.4 mm thick side-grooved specimens. Simiketéire initiation toughnesk, values can be

4-
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obtained on both specimens. However, in the folgatrack growth regiordé > 0.5 mm), thin
specimen gives a steep@&ia curve and exhibits higher load carrying capacitsgnt the thick
sample. The tearing moduiiJ/da, which is more representative of crack propagatisnmuch
higher for thin specimens than thick specimens {sdxée 2).

T T T T T T T T 1
1.0 15 20 25 3.0

Crack extension - Aa (mm)

Figure 4. Effect of specimen thicknessJasta curve

4.1.2 Fractography

Fracture surfaces are firstly examined at the nsaoeic scale on both 12.7 mm and 25.4 mm thick
samples (see Figure 5). In the 12.7 mm thick smep#timen (Figure 5a), strong crack tunneling
is observed. There are no crack growths at both sutifaces of specimen while the crack advances
more than 2 mm in the center section of the spatidmethe 12.7 mm thick side-grooved specimen
(Figure 5b), crack tunneling is less pronounced, the crack grows again faster in the center
section of the specimen than near the specimeacasf As it is stated in section 9.1 of E1820
standard, such a test cannot be valid due to tbagstrack front curvature. In the 25.4 mm thick
side-grooved specimen (Figure 5c), crack grows tighsame rate at the center of the specimen as
at the two side surfaces. The crack extension inearly straight, and the test is valid accagydin
to E1820 standard. In the final ductile tearing ife/lpart of Figure 5), we can also see that there |
stronger lateral contraction in the thin specintentin the thick one.

) ; e 0) , ; A 0
Figure 5. Fracture surface of broken specimenstZa) mm thick smooth specimen, (b) 12.7 mm thick
side-grooved specimen, (c) 25.4 mm thick side-gedaspecimen. Crack front at the end of stable

propagation was marked by heat tinting.

In order put into evidence the fracture mechanighsnicroscopic scale, one 25.4 mm thick

-5-
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side-grooved specimen was marked under fatigueadsof heat tinting after the final unloading.
Broken sample was observed using scanning elechigroscopy. In the stable crack extension
region (Figure 6) void growth mechanism is dominafery large dimples can be seen, their size
being about 2@um. At a higher magnification (Figure 6b), the preseof inclusions in the bottom
of dimples is clearly visible. It can be interpgetey the high stress triaxiality (plane-strain sjat
which triggers a fast void growth leading to forroatof large dimples [13].

Figure 6. SEM micrography of a broken specimemésdtable crack growth region

4.2 Discussion
4.2.1 Constraint effects

From the present study, experimental results sheatvthe crack extension behavior is related to the
variation of stress triaxiality across the specintieickness. In 12.7 mm thick smooth specimen,
strong crack tunneling is observed because ofivelgtlow stress triaxiality and constraint level
across the whole specimen thickness. And finalktdracby ductile tearing or shearing can be seen
on broken surfaces. In 12.7 mm thick side-grooyeetsnen, lateral constraint is increased by side
grooving operations, and flat ductile fracture served. But the specimen is not thick enough to
get a full constraint across the thickness and whkeused a final curved crack front. In 25.4 mm
thick side-grooved specimen, a perfectly straightk front is obtained after stable crack extension
Because the side grooves promote practically umifplane strain constraint along the crack front
[14]. Similar results were reported in [15-18] 16T and SENB testing with various smooth and
side-grooved specimen sizes.

Our investigations also show that the variatiorstwéss triaxiality or thickness constraint leads to
changes on the shapeXfa resistance curve after certain amount of crackreston. The slope of
the J-Aa curve for the thin specimen is significantly steefhan the corresponding value for the
thick specimen. In other words, thin specimen eikhibigher load carrying capacitgda) than
thick specimen. It is known that the lateral cosisir and average stress triaxiality increases with
increasing specimen thickness. For thick specirttenhigh stress triaxiality reduces the apparent
ductility of the material by a faster void growtheamanism which is predominant as shown in
Figure 6 in the previous section. While for thiresjpnen, the average stress triaxiality is lower and
the lateral contraction is less constrained dutirggloading, so a relatively steeper resistanceecur
is generated.
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4.2.2 Sde-grooves and fatigue pre-cracking

Side-grooved specimen is recommended by E1820 wiercompliance method of crack size
prediction is used. One objective of using sidesgenl specimen is to create a straight crack front
to reduce the number of tests invalided by curvetic front. In this study, 0.2B side-grooved
specimens were used after having an invalid tedt wismooth specimen. In order to produce
nearly straight fatigue pre-crack fronts, the praesking is suggested to be performed prior to the
side-grooving operations by E1820. However, thigcpdure is time consuming. The specimen
needs to be polished on two surfaces in order tmitorothe crack length with an optical
microscope and the pre-cracked specimens havergtlr@ed to the machine shop for side grooves
machining. Moreover, the fatigue pre-cracking franot straight. The crack grows faster in the
center section of the specimen than near the spacsmrfaces even with low pre-cracking loaH (
=12 MPa/m in present work). As shown in Figure 7a, the kmaeasured on the specimen surfaces
by microscopy is shorter than the real averagekcleamgth measured on the broken surface. This
curvature probably results from slower crack growtker plane stress condition.

As mentioned earlier, two specimens with side gesovmachined before the pre-cracking
operations were also prepared. The crack growtfoliswed by a COD gage with the elastic
compliance method. Experiments show a good agreeimetveen calculated crack length by
elastic compliance and the measured crack lengtimahbroken specimens. With this procedure,
polished surfaces are no longer needed and thegsidees are machined at the same time as the
specimen itself. Time and machining cost can beedgatror the fatigue pre-cracking, due to a
relative constant constraint level across the tiesk, an approximately straight crack front is
produced (Figure 7b).

(@)
Figure 7. (a) Fatigue pre-cracking performed besmle grooves operation and (b) fatigue pre-crackin
performed after side grooves operation. White da$ihe: fatigue pre-cracking front.

5. Conclusions

Jic fracture toughness testing was performed on CA-GNaftensitic stainless steel, the following
conclusions are drawn:

1. Due to high toughness of the material, side-grompstimen must be used in order to get a
valid test according to ASTM E1820. Side grooves peevent the development of crack
tunneling and to maintain a relatively straightogrgrowth.

2. Crack growth exhibits a thumb-nail front for bott2. 7 mm thick side-grooved CT
specimens. It cannot be valid per ASTM standard tduthe significant curvature of final
crack front.
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Valid tests are obtained with 25.4 mm thick sideeyed CT specimens with a straight
crack extension front.

Both thin and thick specimens give very clasgalues at crack initiation (0.2 mm offset
line). So, thin specimen can also be used if onmdglc initiation toughness is required. It is
recommended that thicker specimen should be usi iplane straid-resistance curve is
required.

Side grooves can be machined before the pre-crgickiran reduce the preparation time
and machining delay and it gives a straight prelgrg crack front. No significant
difference was found on the fracture toughnessnigsts recommended by ASTM E1820
(pre-cracking before side grooving).

Fractography analysis shows that the void growdmfinclusions is dominant in the crack
extension region; large dimples are observed whkenh be explained by the high stress
triaxiality of specimen.

Nomenclature

Crack length (mm) bo Uncracked ligament length (mm)
Crack extension (mm) Ovs Yield stress (MPa)

Specimen gross thickness (mm) oTs Ultimate tensile stress (MPa)
Specimen net thickness (mm) E Young’s Modulus (GPa)
Specimen width (mm) v Poisson’s ratio

Stress intensity factor (MRen) J J-integral (kJ/m)

Fracture toughness (MRa) Jo Fracture toughness (kfmn
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