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Abstract 

The crystallographic plane of IN100 at the initiation region of 

fracture surfaces under low cycle fatigue (LCF) conditions at RT 

and elevated temperature was identified.  At RT fatigue cracks 

initiated on the {111} plane and at elevated temperature on the 

{001} plane. The initiation plane index was initially determined 

by investigating the  shape in the  matrix of fracture surfaces 

around crack initiation sites and finally verified by orientation 

image microscopy (OIM).  An OIM scan on a sample of original 

material indicated that local texture might promote a fatigue crack 

to reach a critical crack size. 

Introduction

Fatigue crack growth mechanisms for nickel-base superalloys are 

reported to be different for different crack-tip stress intensity 

factor ranges, K [1].  The fracture mechanism at near threshold 

and lower portion of the Paris regime appeared to be a highly 

crystallographic and faceted mode [1-6]. Fatigue crack growth 

along {111} slip plane or {100} fracture plane was both reported 

at room temperature and elevated temperature. The actual crack 

path, whether along {001} or {111} crystallographic plane during 

fatigue crack propagation, seems to depend on temperature and 

crack propagation rate, da/dN [1-6]. At RT the faceted crack 

growth is related to slip band cracking on {111} planes in the 

crack tip plastic zone [1]. Table 1 summarizes some other 

reported results. These results indicated that at higher da/dN (> 

10-4 mm/cycle) the fracture plane tended to be {100}, independent 

of temperature [3]. As da/dN was approached the threshold 

regime (<10-5 - 10-6 mm/cycle), the fracture plane at RT was 

{111} [2,4] but at elevated temperature it tended to be {001} [2]. 

King [4] reported that at RT both {111} and {001} were observed 

in the facet to striation transition regime (da/dN>10-5 mm/cycle), 

but {111} fracture was dominant. In summary it seems that a high 

stress intensity factor range K or high temperature promote 

{001} fracture and a low K (close to threshold regime) and RT 

promote {111} fracture.  

Little work has been done regarding fracture plane 

crystallography in the faceted fatigue crack initiation region under 

LCF conditions [4,7]. However, determination of the fracture 

plane orientation is an initial and crucial step to study LCF 

mechanisms. As it is well known that in the class of PM nickel-

base superalloys, LCF life is related to defect population and 

microstructure [8-10]. The critical microstructural parameters 

affecting LCF fatigue life are believed to be grain size and grain 

orientation. Grain orientations of a flat sample containing a 

surface crack can be determined using OIM. However, it requires 

the knowledge of fracture plane orientation to determine the 

driving force, such as Schmid factor, to initiate a crack and 

subsequentially to promote microcrack propagation. 

Generally, the fracture plane orientation can be measured using 

Laue x-ray diffraction method if the grain size of the structure is 

very large. However, the grain size is always small for superalloys 

when manufactured by powder metallurgy. Thus, the use of x-ray 

to measure the fracture plane orientation is unrealistic. Some 

authors [3,4] investigate shape in the grain matrix to obtain 

the  grain orientation. The coherent particles resulted from 

supersolvus temperature to low temperature quenching (generally 

defined as cooling  have the form of ogdoadically-diced cubes, 

which have {100} cube plane interfaces with the  matrix [4].  

The schematic drawings of Figure 1 [4] show the particle shape 

following {100} or {111} planar sectioning. Figure 1(a) shows a 

perfect ogdoadically-diced cube on the {111} plane. Figure 1(b) 

shows the effect of the preferential growth along the [111] cube 

diagonal directions on the appearance of the sectioned particles. 

When the sectioning plane is [001], particles show 4-fold 

symmetry, on the other hand when the sectioning plane is {111} 

particles show 3-fold symmetry, Figure 1(b). In this study the 

above method was employed to study the crystallographic 

orientation of the grain fracture plane around crack initiation site 

for LCF samples tested at RT and elevated temperature. Finally, 

OIM was employed to confirm the results. 

Experimental Procedure 

Material and Microstructure

The material used in this investigation was an IN100 (PM) 

pancake forging. The composition is 12.4Cr, 18.5Co, 4.7Ti, 

5.5Al, 3.2Mo, 0.8V and 0.07C (wt. %). A supersolvus heat 

treatment was employed and the resulting microstructure is shown 

in Figure 2. Other details of the processing information are 

proprietary.  The average grain size is 30 m with a range from 10 

to 70 m. Grain boundaries are delineated by primary irregular 

shaped . Cooling particles are clearly visible in each  grain. 

The stress ranges for ys and UTS at RT, 427 C and 704 C are 

shown in Table 2. Apparently, the ys is relatively constant from 

427 C to 704 C.
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Table 1. Fatigue Crack Propagation Plane Identification of Superalloys

Author Material Temp.

C)

da/dN

(mm/cycle)

Plane ID Comments

Vinvent & Remy

[2]

Mar-M004 RT

600

  10-6 (111)

(100)

Facet fracture close to threshold

Facet fracture close to threshold

King [4] Astroloy RT

RT

>10-5

<10-5
(111)+(100)

(111)

Facet to striation transition

Facet fracture close to threshold

Sadananda & 

Shahinian [3]

Udmit 700 RT

800

>10-4

>10-4
(100)

(100)

Facet to striation transition

Facet to striation transition

(a)

50 m

[001] sectioning [111] sectioning

LCF Testing and OIM

Nine cylindrical samples having a nominal gage diameter of 6.35

mm were employed for 538 C LCF testing. The axes of all the

cylindrical samples were parallel to the circumferential direction

of the forging. Flat dog bone samples used for RT testing have 5 

mm gage width and 2 mm thickness. The flat surfaces of the

samples are parallel to the forging plane with longitudinal axis

parallel to the radial forging direction. Two dog bone samples 

were tested at ambient temperature. The sample surfaces were low

stress ground and electropolished except as noted.

Identical fatigue testing conditions were employed at RT and

538 C. All testing at 538 C was conducted in air at 0.5 Hz under

load control with a stress ratio of 0.05. The max was from 1000 -

1140 MPa, well beyond the yield strength, 880 - 960 MPa. The 

detail testing results at 538 C were given in [10].

To investigate fracture plane orientation under LCF conditions

tested at RT, the flat dog bone Sample 01-981 was fatigued until 

fracture ( max = 941 MPa, Nf = 103,619 cycles).  Flat dog bone

Sample 01-986 ( max = 950 MPa, N ~50,000 cycles) was fatigued 

and the test was interrupted when the maximum crack length was

about 1 mm. The detail process was as following. Before fatigue

(b)

Figure 1. {111} Fracture surface facets: (a) sectioning of a

perfect ogdoadically diced cube on {111} and (b)  shape

under {001} and {111} sectioning associated with an effect

of preferential growth along [111] at vertices [4].

Figure 2. SEM back-scattered image showing microstructure of

IN100 (PM). 

testing one side of Sample 01-986 was roughly ground to

introduce compressive residual stress to prevent crack initiation.

As a result multiple cracks initiated only on the other side of the

sample that was mechanically polished and monitored in situ by

an infrared camera. A crack about 20-30 m long was initially 

detected by the camera.  When the maximum crack size of those

initiated was about 1 mm in surface length the fatigue testing was

interrupted. Totally, 14 cracks with lengths ranging from 47 to 

1,074 m were observed at the sample surface characterized using

optical and scanning electron microscopy. Subsequently, the

fatigued but not fractured sample was annealed in a vacuum

furnace at 704 C (1300 F) for three hours to assist recovery of the

microstructure. Finally, the sample surface was mechanically

ground to remove a few microns of the plastically deformed layer

and then was electropolished.  All of these were aimed to improve 

back-scattered electron diffraction pattern quality in OIM 

scanning. The OIM scan was conducted in the region, which 

contained the longest crack of about 1 mm. To study the possible 

presence of micro-texture, OIM was also carried out on a cross

section of the forging.

The OIM back-scattered electron detector was installed in a Leica

360 scanning electron microscope. The OIM operating parameters

for all the samples were employed as follows: voltage 20 kV,

probe current 7 nA, scanning step 0.6 m and working distance 25

mm with sample tilted 70  to the incident electron beam.
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Table 2. Yield and Tensile Strengths of IN100 

Strength (MPa) RT 427 C 704 C

ys 931- 960 877 - 944 886 - 939

UTS 1445 - 1483 1367 - 1408 1160 - 1188

Etching and Electropolishing

The fracture surfaces of fatigued sample 01-981 tested at RT were

etched using waterless Kallings to reveal the cooling  shape.

The fracture surfaces of 538 C fatigued samples were

electropolished to remove a bluish or grayish thin oxide layer

about 2 or 3 m thick, which formed during high temperature

exposure. Electropolishing was conducted at 18 V and –50 C in

the solution of 590 ml methanol, 350 ml 2-butanol and 60 ml 

hydroperchloric acid (60% concentrate) by moderate agitation. 

The sample was placed in the center of a circular stainless steel

cathode with the fracture surface up. Following electropolishing,

the fracture surface became shiny due to removal of the oxide

layer. As a result, the cooling shape in grain matrix was

revealed under SEM observation. Additionally, all OIM samples

were also electropolished using the same electrolyte and polishing

conditions.

Results and Discussion

ACrystallographic Fracture Surfaces at RT

Low magnification SEM images showed a fatigue crack initiation

region was located in the corner of the sample. Relatively high

magnification images indicated that a fatigue crack originated

from a large pore and propagated through a 70 m grain. The

fatigue crack initiation region of the fracture surface is very

rough. A few 3-fold symmetrically arranged particles in the

fracture plane (about 200 - 300 m from the large pore) in Figures 

3(a) and (b) clearly indicated that the fracture planes were {111}. 

Apparently, fracture occurred in two adjacent (111) planes, as

shown in Figure 3(b), indicating more plastic deformation was 

required for microcrack propagation.

SEM images of a crack (about 500 m long) among 14 cracks on 

the surface of sample 01-986 fatigued at RT are shown in Figure 

4. Apparently, the fracture planes of the LCF crack are {111}

types since crack paths were parallel to the slip bands. In Figure

4(b) crack branching (indicated by an arrow) formed a

60 triangle indicating a [111] grain normal. Furthermore, it was 

evident in both images that multiple slip system activation

occurred. It is well documented that for microstructural small

crack growth at RT the crack path is typically along slip bands

[1].

Crystallographic Fracture Surfaces at 538°C

The fatigue crack initiation sites of all nine samples were defect

related, either pores or non-metallic inclusions. In eight of nine

samples the fatigue crack initiated from defects on or near the

sample surface, thus the micro-crack growth formed thumbnail 

cracks. The fracture surfaces around crack initiation sites that are

denoted by dotted lines in Figure 5 are faceted. The faceted area

extended to approximately 100 - 150 m independent of stress

Figure 3. SEM images showing {111} fracture planes (close to an

initiation site): (a) a low magnification image and (b) two {111}

fracture planes.

B
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level. Recall the grain size is about 30 m in average. Thus, the

microcrack growth is about three or five times the average grain 

size. Furthermore, the fatigue crack initiation regions

(semicircular or circular) of all nine samples are macroscopically

perpendicular to the loading axis.

Compared to RT fatigued samples, the fatigue crack initiation

regions on the fracture surfaces tested at 538 C are relatively

smooth, indicating that crack initiation probably did not occur on

{111} type planes. A similar observation of the flatness of fatigue 

crack initiation regions was also reported by Albrecht [8]. His 

LCF tests of U720 LI were conducted at 600 C.  Different cooling

rates produced grain sizes of 22, 65, 130 and 420 m. SEM 

images showed that the fracture surfaces, within the range of

microcrack propagation, were quite flat on all the samples, which

had significant different grain sizes.

In our study corresponding SEM images were taken prior to and 

following electropolishing of the fracture surfaces. The fracture

surface following electropolishing was even smoother than prior

to electropolishing due to the disappearance of numerous 

ridgelines. Since electropolishing only removed a 1 - 2 m thick-

layer from the sample surface, we estimated that the step heights

corresponding to the ridgeline locations were no higher than 1 - 2 

m.  If the fracture surface around the initiation site is flat, then

microtexture exists in the local grains.   In a 65 x 85 m flat crack

initiation region, Figure 6(a), the cubic  shape in the fracture

surface revealed that the majority of grains (totally about 15

grains) were close to {001} orientation (with rotation freedom

about [001]). Figure 6(b), enlargement of Figure 6(a), indicated

that the  particles were ogdoadical cubes. Additionally, no

secondary cracking was detectable in the initiation regions. 

OIM Results

Although using  shape to identify the fracture plane orientation

is a convenient and practical method, some disadvantages exist. In

general, only a few  particles have perfect ogdoadic cubic shapes 

in a grain. In addition, distinguishing (001) from (110) is difficult 

just by studying the  shape on the fracture plane. Thus, the

conclusion obtained above must be confirmed by accurate 3D

grain orientation determination or OIM. A back-scattered SEM 

image of a crack (about 1 mm in total length) and surrounding

microstructure of Sample 01-986 is shown in Figure 7(a).  The 

corresponding [001] inverse pole figure (IPF) map with an 

orientation key attached is shown in Figure 7(b). Since color

printing in manuscripts for this Symposium will not be available,

grains outlined in Figures 7(a) and (b) are labeled R, G and B 

indicating [001], [110], and [111] orientation, respectively.

Comparing the corresponding grains in Figures 7(a) and (b),

apparently, grains with [100] or [111] orientation resulted in

different  particle shape and morphology. However, the use of 

particle shape and morphology can’t distinguish [100] from [110]

since a [110] grain outlined and labeled G does show apparent 4-

fold symmetrical particles, indicated by an arrow in Figure 7(a).

Fortunately, {110} fracture doesn’t seem to occur for this class of

alloys.

Presence of Microtexture

The following facts and results could be summarized from the 

538 C LCF testing. All the sample axes were machined to be

parallel to the circumferential direction of the forging; each

fatigue crack initiation or faceted region was perpendicular to the

loading axis; the faceted micro-crack propagation region is

relatively flat and majority of the grains in the region have {001}

orientation. These facts seem to imply that a {001} microtexture

was present in the cross section of the forging. Figure 8 is [001]

IPF map of the microstructure of a cross section of the IN100

forging.  The grains having [001] orientation were hatched. The

OIM scanned region is about 280 x 148 m.  Although no strong 

indication of bulk texture is present in the entire microstructure, a 

few grains in the central part of the sample have orientations close

to {001}. If a large defect is present in the hatched regions and the

loading axis is close to [001] direction, a critical crack size for

crack initiation at elevated temperature will be attained. In other

words a few neighboring grains with similar orientation are acting

as one large grain in the fatigue crack initiation process.

Figure 4. SEM images showing a fatigue crack on the surface of the dog bone sample 01-986 tested at RT: (A) fatigue crack parallel to the

slip line and (B) a defect and fatigue crack branches parallel to slip lines. The arrow shows crack branching forming a 60 triangle

indicating a [111] grain normal. 
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A B50 m 50 m

Figure 5. SEM images showed the fracture surfaces around crack initiation sites are faceted, (A) Sample 01-491 and (B) Sample 01-486.

Multiple Crack Initiation

It is well documented that for nickel-base superalloys the fatigue

crack initiation sites are always multiple when the maximum

stress level is close or beyond the material yield strength [1, 11].

The question is, which crack will propagate faster (some times

crack linkage occurs) and become the dominant crack that is

responsible for the final fracture? It is known that the fluctuation

of the crack growth resistance for the microstructurally small

crack is often attributed to the retardation of crack growth by

grain boundaries [1]. Recent detailed research [12] on the 

boundary retardation of small crack growth demonstrated that the

twist and tilt angles of the crack plane deflection in the grain

boundary are the key factors that control the path and growth rate 

of a small crack.  Results from this study suggested that among

the multiple initiated cracks under LCF conditions, the crack

associated with a local texture that has a favorable orientation to

the loading axis very likely develops into a dominant crack.

Conclusions

Crystallographic, faceted fracture around fatigue crack initiation

sites was observed under LCF testing condition at RT and

elevated temperature.  However, the fatigue micro-crack

propagation occurs on the {111} plane at ambient temperature and

on the {001} plane at elevated temperature. The different fracture

planes result in different initiation region appearance on the

fracture surface: flat at elevated temperature and rough at RT. 

This appearance indicated that micro crack propagation was 

controlled by the temperature dependent dominant deformation

modes.

The crack nucleation in pores and nonmetallic inclusions under 

LCF conditions of IN100 is dominant at RT and elevated

temperature [1, 9-11].  LCF life depends on fatigue crack

initiation life and microcrack propagation life. The crucial

parameters, which affect the LCF life of this class alloy, are defect

content, grain size and local grain orientations. The results of this 

work indicate that the promotion of crack initiation and 

propagation requires the following conditions: coincidence of a

critical size defect and a large grain or a local texture that has a

favorable orientation to the loading axis. The increase of LCF

resistance of the microstructure not only requires uniform grain

size but also requires a random distribution of grain orientations. 
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Figure 6. SEM images showing {001} fracture plane tested at 538°C: (a) most grains having {001} orientation

and (b) enlargement of a  grain.

256



R

20 m(a)
(b)

Figure 7. An SEM image (a) and a corresponding

OIM [001] IPF map (b) are shown.  The capital letters

in outlined grains (b) indicate grain orientation: R =

[001], B = [111] and G = [110].  The arrow in (a) 

points to an apparent 4-fold symmetric particles in a

[110] grain.  Note that the apparent symmetry of the

4-fold  shape is not always easy to determine.
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Figure 8.  OIM [001] IPF map; grains having [001] orientation

are hatched.

258



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


