=
&

Swansea University ‘C I'OIlfa

Prifysgol Abertawe Setting Research Free

Cronfa - Swansea University Open Access Repository

This is an author produced version of a paper published in :
International Journal of Fatigue

Cronfa URL for this paper:
http://cronfa.swan.ac.uk/Record/cronfa5832

Paper:
Lancaster, R., Steele, A., Evans, J., Jones, N. & Whittaker, M. (2009). Plain and notched fatigue in nickel single
crystal alloys. International Journal of Fatigue

http://dx.doi.org/10.1016/j.ijfatigue.2009.03.010

This article is brought to you by Swansea University. Any person downloading material is agreeing to abide by the
terms of the repository licence. Authors are personally responsible for adhering to publisher restrictions or conditions.
When uploading content they are required to comply with their publisher agreement and the SHERPA RoMEO
database to judge whether or not it is copyright safe to add this version of the paper to this repository.
http://www.swansea.ac.uk/iss/researchsupport/cronfa-support/


http://cronfa.swan.ac.uk/Record/cronfa5832
http://dx.doi.org/10.1016/j.ijfatigue.2009.03.010
http://www.swansea.ac.uk/iss/researchsupport/cronfa-support/ 

Plain and Notched Fatiguein Nickel Single Crystal Alloys

W.J. Evan§ R. Lancastér A. Steelé, M.Whittakefand N. Jonés
'Materials Research Centre, School of EngineeringirSea University, Singleton Park,
Swansea SA2 8PP
’Rolls-Royce plc, P O Box 31, Elton Road, Derby, BBBJ

Keywords: CMSX-4, Alloy variants, strain controtifgue, notch fatigue, casting pores, life
prediction

Abstract

The paper focuses on CMSX-4 and two experimentllygl LDSX-5 and LDSX-6,
developed to provide alternative performance atteb. The specific objective in this work
was an exploration of the Low Cycle Fatigue (LCHamcteristics of these three alloy
variants and the assessment of methods for preditie observed lives. A comparison of
the alloys is presented in relation to their streamtrol fatigue response and notch fatigue
behaviour. Predictions of notch lives are madenftbe plain specimen data but found to be
extremely pessimistic at the lower temperature isthd650C. The inaccuracies are
attributed to the presence of casting pores. Usiagsured crack growth data and pore sizes,
it is shown that fracture mechanics calculationsesidual lives are more appropriate. At
80C°C, the higher temperature studied, Walker stragdistions of notch lives are more
meaningful. This is explained in terms of the xal#on of stresses at the defects.

Introduction

The research programme set out to explore the L&Pla\bour of experimental single crystal
nickel alloys. The alloys specifically focused alternative compositions to CMSX-4 that
offer various performance attributes. The two yadldighlighted in the present paper were
chosen because of lower densities, improved stalilDSX-5) and enhanced creep strength
(LDSX-6). Data generated on CMSX-4 were used tongarison. All alloys were produced
with a [100] orientation using conventional singtrystal casting technology. The
experiments involved plain and notched test-piec#ls K; values of 2.38 for a centre hole
plus 2.3 and 3.6 for double edge notch geometiikesn specimens were subjected to 15cpm
strain control fatigue with R values of 0 and -Erom these tests, hysteresis loops were
recorded and cyclic stress-strain curves constucdibe notch specimens were tested with
the same waveform at R=0. Plain and notched spasimwere evaluated at 6%Dand 800C.
The orientations of test-pieces and notches werdiraeed to be consistent by means of
Electron Back-Scatter Diffraction (EBSD) measuretaen

A prime objective of the work was the assessmentmethods for predicting fatigue
performance. In particular, the Walker strain tielsship has previously been shown to
provide an effective means of predicting notch beha [1, 2]. In the present situation,
however, inconsistencies were identified which watkibuted to the presence of casting
pores. These defects introduced the need to considealternative damage tolerance



approach based on fracture mechanics and the appficof crack growth rate data. Both life
prediction methods are highlighted and discussed.

Experimental Procedures

The Alloys

The compositions of the LDSX-5 and LDSX-6 alloys aummarised in Table 1 in relation to
CMSX-4.

Table I. Alloy Compositions (wt%)

Co|Cr|{Mo| W | Re| Rul Al | Ti | Ta | Hf
LDSX-5 [8.4/3.1] 27| 29/6.4/46|5.6/0.3|6.5|0.1
LDSX-6 |3.1/3.3(27|48/6.4/4.7/5.6/0.3/6.5|0.1
CMSX-4| 9|1 6.406|6.4 3| 0|56/ 1 |65/0.1

The principal differences from CMSX-4 are a hightenium content, the addition of
ruthenium, greater amount of molybdenum and reduuedsten particularly for LDSX5.
This is illustrated in figure 1. These changesueficed density, stability, creep strength and
castability. The relative benefits are highlighted able 2.

Table Il. Relative attributes of the alloys

Stability LDSX-5 > LDSX-6 > CMSX-4
Creep strength| CMSX-4 > LDSX-6 > LDSX-
Castability CMSX-4 > LDSX-5 > LDSX-6

Following casting the alloys were solution treaté¢d 340C, gas-fan quenched, primary aged
at 1150C, quenched and finally aged at 8Z0 Microstructures were defined by etching in
10ml HNGs;, 50ml HCI, 2.5g Cuegland 40ml HO. Scanning Electron Microscopy (SEM)
comparisons of CMSX-4, LDSX-5 and LDSX-6 at the eamagnification are reproduced in
figures 2a, 2b and 2c.
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Figure 1. Single crystal material compositions Figu 2a. Microstrure of CMSX-4



Figure 3. Typical pore in CMSX-4

The average measured widths of yhprecipitates ang channels are recorded in Table IlI.

Table Ill. Microstructural measurements

Alloy Average width| Average width
of y, (um) of y channels
(Hm)
LDSX-5 0.36 0.136
LDSX-6 0.41 0.136
CMSX-4 0.45 0.15

All the alloys contained casting pores. A typicghmple is illustrated in figure 3. These pores
played an important role in the observed fatigueabeur. They will be considered in more
detail during the discussion.



Fatigue Procedures

The core fatigue tests were carried out underrstantrol on a plain cylindrical specimen
with a gauge length of 15mm and a nominal 5mm diame Two sets of the notched
specimens had a DEN (Double Edge Notch) configomatith K; values of 3.6 and 2.3. The
third set had a ‘flat plate’ geometry with a Walue of 2.38. The three notch specimens are
shown in figure 4.
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Figure 4. Form and dimensions of the three noteltisgens

Additional crack propagation measurements were noadea corner crack specimen with a
7x7mm cross section and a 0.35mm deep slit machimedne corner. The cast bars from
which all specimens were machined were aligned hst their primary axis (specimen
longitudinal direction) was <20from [001] direction. An EBSD analysis confirm#uit in
practice, misalignment amounted to only a few degreThe analysis also demonstrated that
the alignment of notches in the DEN specimens wasistent throughout the whole batch of
specimens.

The low cycle fatigue tests complied with the BiitiStandards BS3518: part 1: 1993 for load
controlled notch testing and BS7270:1990 for thaistcontrol testing of plain specimens.
For all tests a 1-1-1-1 trapezoidal waveform ategdency of 0.25Hz was applied. The load
control tests were carried out at R=0 but the stcaintrol measurements involved both R=0
and -1. The experiments encompassed temperatfiré500C and 800C although the
majority of the work involved the former. The teengtures were achieved by means of a
conventional air furnace with two type K or N theeouples attached close to the centre of
the specimen gauge length. A uniform temperatustrilbution to within +1°C was
maintained for the duration of the tests. Fordtrain control experiments, the extensometer,
with an extension range of 0.25mm and a positiolgeaor gauge length of 10mm, was
recalibrated before each test and prior to heating.



The crack propagation tests involved R=-1, 0, &8 0.5 load ratios and the standard 1-1-1-
1 trapezoidal waveform. Crack growth was monitdsgda direct current potential difference
method in which the constant current was pulseditomise heating effects. On conversion
of the voltage changes to increases in crack lemgth cycles, the rate of crack growth
(da/dN) was determined by means of a three poc#rgeapproach.

All fractured specimens were examined in the SEMlé¢éine crack path features including
casting pores and their depth below the specimdaca EBSD was also used to confirm the
orientation of all test pieces in relation to n@stand crack growth directions.

Experimental Results

Cyclic Stress-Strain Curves

The strain control measurements allowed key matpraperty characteristics to be defined.
The important parameters involved monotonic andicygeld strengths, ultimate strengths
and amount of stress relaxation associated with esoperature. Cyclic stress-strain curves
derived from the measured hysteresis loops arstidted for CMSX-4 and the two alloy
variants at 65T in figure 5a. A similar graph for CMSX-4 at 6%Dand 800C is shown in
figure 5b.Given in table IV are the strain hardgniate variables for the 3 alloys at 650°C,
based on the data observed in figure 5a.
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Figure 5a. Monotonic and cyclic stress-strairFigure 5b. Monotonic and cyclic stress-strain
response of CMSX-4, LDSX-5 and LDSX-6 respaECMSX-4 at 80TC
at 650C

Table IV. Strain hardening variables.

Material K (constant) n
CMSX-4 929.1 0.0115
LDSX-5 815.52 0.0105
LDSX-6 890.41 0.0401

Several important deductions can be made fromdigba and 5b and table 1V:



* The monotonic stress-strain curves for CMSX-4 &°65and 800C almost superimpose
although there is a slight reduction in moduluswé&mperature.

* The monotonic strengths of LDSX-5 and 6 are loweamt CMSX4 but alloy 6 has a
higher rate of strain hardening. This reflectshe LCF notch behaviour (figure 8) as
LDSX-6 outperforms the others.

» The CMSX-4 does not cyclically soften at 880and in fact tends to cyclically harden.

* In contract the CMSX-4 at 80C displays significant cyclic softening

* Both LDSX-5 and 6 at 65C do not cyclically soften.

Figure 6 illustrates the strain range-life respooiSEMSX-4 at 650C and 800C and the two
other variants at 65C. Upper and lower bound curves have been supsrsed on the
graph. The CMSX-4 sits largely in the upper barttiaigh there are exceptions. The R=0
data for CMSX-4 at 650 and 80D generally lie on the dashed line that merges with
upper band. The apparent difference for this dilegwveen R=-1 and R=0 is not unusual and
has been recorded for other systems. LDSX-5 aack@enerally consistent with the lower
band but once again there are exceptions. It is\® that the variability is associated with
crack initiation at pre-existing pores. Figure bwh the stabilised stress range response of
the three alloys at the two temperatures.
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Notch Fatigue
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Figure 8. Notch behaviour at 68D and 800C
for different K values

Notch behaviour at 65C and 800C is recorded in figure 8. The fatigue data ardtetbin
terms of peak elastic stress; (Kom). There is significant scatter particularly aD85. This is
attributed to the role of casting pores in crackidtion. Even so there are trends. Thus
LDSX6 displays a longer life for the(k 3.6 notches. This may be associated with the
higher, monotonic strain hardening characteristithes alloy. The k=3.6 data for LDSX5
and CMSX4 effectively superimpose within the obseénscatter even though the alloy
variant is weaker monotonically and in the straomtcol experiments. The only common
feature of the two alloys is the rate of straindesuing both monotonically and cyclically
which would influence the extent of plasticity Betnotch root.

Casting Pores and Variability

The test results highlight the role of casting gdrethe fatigue performance of both plain and
notched specimens. Virtually all fracture surfadesplayed evidence of porosity. However, it
was not always evident that a pore was respons$iblerack initiation. Some examples of

pores and fracture surfaces from strain controtispens are illustrated in figures 9 and 10.
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Figure 9. Casting pore in plain CMSX-4
specimen at 65C



It is believed that the observed variability inigae performance is a direct consequence of
the pores and their position on the fracture setfato explore this belief an extensive study

was carried out to determine the ligament distdme®veen the pore and the edge of the

fracture surface and also the surface area of dhespBoth measurements were achieved by
producing a series of images of the respectivesponeeach test specimen and superimposing
ellipse shapes to quantify the size and measurelnestto determine the ligament distance.

Figures 11 and 12 illustrate examples of how tmesasurements were calculated.
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Figure 11. Pore size calculation Flgurel_’lgament dltacecalculatlon

Figure 11. Area of pore mx ¥z length x ¥ width FTx 120pum x 74pm = 27727 fm

Figure 12. Ligament Distance =118
An additional series of repeat strain control antth tests were carried out at a strain range
of 1% and peak elastic stress of 1750MPa respégtiveanalyse the effect of porosity. The
measured lives together with other supporting imfmron are recorded in Tables V and VI.

Table V. Repeat strain control testddat1%

Nf Peak | Stress| Pore Pore

Stress | Range | Size | Distance
(MPa) | (MPa) | (um? (pm)

12311 903.9| 1188.9 1990} 1750
9983 891 1172.3 7057 100
10997 892.8| 1216.6 24328 50
11465 | 1009.1 1135 5341 250
15894 972.4| 1145.1 6231 980

UT




Table VI. Repeat k3.6 notch tests atiax= 1750 MPa

Nf Ratio Pore Size Pore
(um?) distance

(pm)

4993 0.75 52 39
50113 5.55 20 111
8361 0.013 1227 17
17682 0.759 362 275

29563 0.03 1100 33

3899 0.0488 655 32

The scatter in lives observed is consistent withdhginal data in figures 6 and 8. A detailed
statistical analysis suggested Weibull distributionctions provide the best fit. For the plain
specimens the WeibulB' exponent was unity suggesting an exponential yiecéailure rate.
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Figure 13. Weibull redistribution in plain
CMSX-4 specimens

Tables V and VI also contain measurements madeoid pize and pore distance from the
specimen outer surface. The pore area was caldulateconstructing an elliptical shape
around the pore with the major and minor axes niagcthe extremities of the pore. The
areas, therefore, may overestimate pore size bunhatotake into consideration pore
dimensions outside the plane of fracture. It migatanticipated that larger pores and short
distance should be associated with shorter fatly@s. An examination of the two tables
demonstrates that reality may not be so straightdot. The histograms in figures 14a and

14b summarise measured areas and pore depthd tbe &=0 strain control tests at 680
highlighted in figure 6.



Percentage of specimens

307

25

20

157

107

O LDSX-6 O LDSX-6
B | DSX-5 . 807 B | DSX-5
%] 0O CMSX-4
O CMSX-4 % 70
£
£ ool
Q
& 507
S 407
& 307
c
D 201
£ 10
o
<2500 >2500 >5000 >7500 <500 >1000 >1500
Casting pore size area (um?) Distance from pore to edge (um)
Figure 14a. Critical casting pore area Figure 14b. Critical casting pore ligarhe
values. distance values.

Discussion
Life Prediction

An objective of the work was to explore the effeetiess of strain approaches in the
prediction of notch fatigue response. These methiodtuded the Manson-Coffin [3]
relationship and the Walker strain [4] equationhvitie form

A € — O-max (A sactual Ej (1)

walker — E o

max

With omax the maximum cyclic stress at the notch or plaiecgpen, E the modulus and
Agacrual the strain range experienced. The correlatingrpater, m, is obtained by curve

fitting plain specimen data at differegt ( min strainor stress| values.
max strainor stres

The Walker relationship allows data at differenv&ues to be correlated. Figures 15a and
15b illustrate the Walker predictions of CMSX4 rfotdata at 65T (K=2.3) and 808C
(Kt=2.38) based on the strain control results in FEdhiland the cyclic stress-strain curves in
figures 5a and 5b.
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While the predictions at 80Q are generally acceptable, at 850they consistently
underestimate measured lives. This discrepancytiibuted to stress conditions associated
with the pores. At 80, the alloys cyclically soften. This must be diweenhanced
dislocation mobility and plastic deformation (figusb). It is speculated that as a consequence
there will be a significant redistribution of stsethereby diminishing the stress concentration
caused by pores. This appears the case in Figuvehith illustrates plain data at 8@ and
summarises initiation sites. Clearly the pores dbdegrade the fatigue response with respect
to the surface. They, therefore, appear to prosideee’ surface for crack initiation without
imposing a significantly higher stress locally.

In contrast, at 65 the strain control data cyclically hardens. Tdwelic response,
therefore, tends towards a more elastic responsethab any discontinuity in the
microstructure acts as a stress raiser. A sepéinate element analysis suggests that pores
can impose a stress concentration faet@ at the pore surface [5]. The under prediction of
the notch behaviour through application of the Walkxpression is a consequence. The
Walker exponent is derived from plain specimen datain specimens have a bigger stressed
volume than the notches and hence a greater ldaditof a larger defect. It is, therefore, not
surprising that the predicted lives fall shortloé ieasured notch behaviour.



Correlating Pore Impact

It was shown in Tables V and VI that the dependearidatigue performance on pore size and
position is not necessarily straightforward. Howewuauitively, fatigue lives should decrease
as pore size increases but increase as pore distantigament) from the surface increases.
On this basis, the fatigue lives for the repeainpéand notched specimens were expressed in
terms of the ratio (ligament/pore area). Thus agd#tio increases the fatigue lives should also
increase. The outcome is illustrated in figure fiofgplain specimens and in figure 17b for the
notched specimens. The increasing trend is evidanthermore correlation coefficients in
excess of 0.9 emphasise the strength of the cbarla

6

018 -
A CMSX-4 Strain Control Data e Noteh Load Control Data 0

0.16 { — Best Fit curve

5 4

2 =
0.14 { R2 =0.9087 R2 =0.9387

0.12 4

0.10 4 34

i=l A %
T 0.08 &
x 24

0.06

0041 Y O o

0.02 A ol 5

0.00 1 A

. -1 .
10000 Nf 103 104 10

Nf
Figure 17a. Ligament / Pore Area Ratio versusureid 7b. Ligament/Pore Area Ratio versus
life for CMSX-4 plain specimens felfor CMSX-4 K = 3.6 notched specimens

Damage Tolerance

In general, defect situations are generally asdelsgehe application of fracture mechanics
through equations of the form

da
— = m 2
o =Gk (2

With da/dN the rate of crack propagation, C and anstants and\K the stress intensity
factors [6]. Through integration of this equatidkkmowledge of m and c from laboratory
experiments and an expressionAd, the residual lives of specimens and componestsbe
calculated through the following equation.

1 {al(km/z)_an (1—m/2)} (3)

N = Caomv (1-m/2)

with Y the geometry term in an expression for theess intensity factor of the form
AK=Y A0 \/a

Brandt [7] has derived a stress intensity expresslmat is appropriate for the current
situation:



AK=(0.78 + 0.0395D/LNG D (4)

which highlights a dependence on ligament distabcand pore size, D. For convenience, in
the present analysis it was assumed that theliaitid developing crack shape was circular
with the radius a=D/2 Fporesize/ t. On this basis, the geometry term has the form

Y= 2 {0.78 +0.0790 a/ L} (5)

Since both a and L are changing as the crack grtlves,propagation life is calculated
incrementally. For each increment the conditions assumed to be constant. Clearly, a
smaller increment size will give a more accuratewation. On this basis the crack sizg, a
at the end of an increment of crack growAN, is given by:

1/ m-2

a, =|ANCAG™ Y™ (1—m/2)+a0<1‘m’2)] (6)

with & the crack size at the start of incremental grolBg§hsumming all the increments, the
total crack propagation life can be calculated.

Using this expression and measured crack growtsrat 650C on CMSX4 corner crack
specimens, shown in figure 18, the correlationsnaed in table VIl was obtained.

Table VII. Calculated crack propagation lives in X4 at 650C

Pore Areajim?®) | Ligament Distancepm) m ¢ Calculated N| Measured N
19905 1750 2.68 5.1E-11 16063 12311
19905 1750 2.19 4.1E-10 4330 12311

Table VII contains two sets of m and C values. Thftects previously reported work [8] that
the rate of propagation is influenced by the dioecin which the crack is growing on the
(001) plane. This was proven through EBSD analgsithe two R=0 crack propagation tests
were shown to have distinctly different orientaoifrigures 19a-19d display the (100) and
(111) pole figures for the two R=0 tests. Figure $8ows that the {111} planes in the lower
stress test (550MPa) are more favourably orientédeckasier shear ahead of the growing
crack. Subsequent crack propagation is found taroon the (100) plane in the <110>
direction. In the higher stress specimen, the {1plignes are less favourably aligned and
propagation is shown to occur on the (100) plarsraigut in the <100> direction (see figure
19a), providing a faster rate of propagation. Teftects the comments made by Joyce et al
[8], where they found that the <110> direction laafhr slower rate of crack propagation due
to a higher fatigue crack propagation resistandear®y cracks growing from a buried flaw
will be influenced by this apparent anisotropy whia turn will impact on the measured
lives. The calculated lives span the measured saperhaps reflecting the anisotropic
influence.

A further complication in applying crack growth das the fact that the rate of propagation
tends to fluctuate throughout the experimental mmeasents. This was highlighted by
additional tests carried out at 650°C at R ratibslp-0.5 and 0.5 at a common maximum



applied stress, figure 20. The oscillation appéais due to a tendency for the crack to divert
onto (111) planes. Figure 21 illustrates the measgrowth rate data for the low stress R=0
test while figure 22 shows a section at 45° thratinghcrack for the same specimen. Figure 23
demonstrates the associated crack branching ofrabtire surface of a notched specimen
and finally figure 24 shows that essentially theeashconditions on the (111) plane can
become critical thereby promoting ultimate fracture
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Figure 20. Crack Propagation rates for
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Conclusions

The paper explores the strain control fatigue belumvwof CMSX4 and several alloy single
crystal variants. It clearly demonstrates diffeenin the cyclic fatigue response at €50
and 800C which are related to increased dislocation mubiét 800C. The different
response impacts on the role that casting porgsiplthe initiation of fatigue cracks. This is
illustrated through application of the Walker straelationship which is effective at 8T
but under predicts notch lives at 860possibly because of ‘weak’ link concepts assediat
with volume differences. Two approaches to the fifediction of the pores are discussed.
One correlates the fatigue lives to the ratio ligatndistance to pore area. The second
demonstrates the effectiveness of fracture mechkamd the application of crack growth data
in calculating residual propagation lives. Potdnpieoblem areas with the latter include an
orientation dependence of crack growth rates atehdency for oscillation in crack growth
rates due to branching on (111) planes.
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