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In the combustion zone of gas turbine engines for aircraft,

it is essential to maintain a large temperature differential

between the combustion gases and the Ni superalloy

components so that fuel is used efficiently while avoiding

degradation of the turbine blades, rotors, casings, etc. This

is typically achieved using a combination of thermal barrier

coatings (TBCs) and cooling holes [1–3]. In the latter case,

air from the compressor section is forced through internal

channels in the components and this emerges from arrays

of fine (\500 lm in diameter) cooling holes, establishing a

thin air layer between the combustion gases and the TBC.

Current generation engines can contain in excess of 106

cooling holes and most of these are produced by electro-

discharge machining (EDM) or laser drilling. The use of

laser drilling is increasing because it enables holes to be

drilled through components with TBCs (e.g. [4, 5]); this is

a significant advantage over EDM where the holes must be

formed in uncoated components and the subsequent

application of a TBC can cause cooling-hole blockage.

Laser drilling of aerospace components is normally

performed in percussion mode whereby the laser and

component are stationary and a few short (&ms) intense

laser pulses are used to produce the hole; each pulse melts

and partially vaporizes the alloy, leading to ejection of the

molten material and vapor through the irradiated surface

[4–6]. Percussion laser drilling is usually preferred over

both laser trepanning with a moving beam, which produces

very high quality holes but with a longer cycle time, and

single-shot drilling, which produces more debris and other

artifacts (e.g. [5, 6]). The main metallurgical effects that

can occur during percussion laser drilling are the formation

of a recast layer and/or a heat-affected zone (HAZ) [5–8].

The recast layer is comprised of molten/vaporized metal

that is not ejected from the hole by the vapor generated

during the laser pulse but instead resolidifies on the side-

wall of the hole [5, 6]. The HAZ consists of a region of the

base metal surrounding the hole that has not melted during

the drilling but has undergone microstructural changes due

to the thermal history in a manner akin to the HAZs formed

during laser welding and cladding (e.g. [9–12]). It is known

that the recast and/or HAZ could lead to significant fatigue

debits for laser-drilled components, and indeed this has

been the motivation behind recent work on femtosecond

ablative laser drilling in which recast and/or HAZ effects

can be avoided [13, 14].

While there have been several parametric studies in

which optical and scanning electron microscopy have been

used to measure the extent of the recast and HAZ layers for

such laser-drilled components (e.g. [15–18]), there has

been little high-resolution characterization work to reveal

the structures of these layers. In our work, we have used a

variety of high-resolution microstructural characterization

techniques to investigate the recast and HAZ structures for

a variety of different Ni-based superalloys and preliminary

data have been presented elsewhere [19]. The present paper

describes a more detailed electron microscopy study of

these structures for percussion laser-drilled samples of the

powder metallurgy (P/M) superalloy IN100, which has a

nominal composition of Ni–18.5Co–12.4Cr–5.0Al–4.3Ti–

3.2Mo–0.8V–0.07C–0.06Zr–0.02B (all in wt%). This par-

ticular alloy was selected because in the P/M form it has a

very uniform chemistry and a well-defined microstructure

comprising a hierarchy of L12 c0 precipitates on different
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length scales (e.g. [20]). These include large ([1 lm)

primary c0 grains, intermediate (100–300 nm) secondary c0

precipitates, and fine (\20 nm) tertiary c0 precipitates, with

a total c0 volume fraction of &60%. Thus, this system

should provide an extremely sensitive test for HAZ effects.

Plates of P/M IN100, 12 mm in thickness, were drilled

using a Prima Convergent P50L Nd:YAG laser

(k = 1.064 lm) with an energy of 6 J pulse-1, a pulse

duration of 0.5 ms, and a pulse repetition frequency of

10 Hz. Pressurized air was used as an assist gas in the dril-

ling process. We note that these are typical conditions for the

percussion laser drilling of Ni-based superalloy aerospace

components with Nd:YAG lasers. All of the data presented

here were obtained from a single plate in which a 5 9 5

array of holes normal to the surface was drilled to partial

penetration by controlling the number of pulses (four per

hole giving a hole depth of &4 mm). The plate was sec-

tioned parallel to the beam direction to reveal the sidewalls

of the laser-drilled hole (Fig. 1). The sections were ground

and then polished with diamond suspensions before etching

using waterless Kalling’s reagent followed by glyceregia

(15 s) to reveal the c0 phase clearly [21]. The etched sections

were examined using secondary electron (SE) imaging in a

JEOL 6335F field emission scanning electron microscope

(FESEM) equipped with a Thermo Noran System Six energy

dispersive X-ray spectrometer (EDXS).

Thin foils for transmission electron microscopy (TEM)

were prepared by electropolishing and focused ion-beam

(FIB) milling. Foils from the base metal and from the

recast layer in plan-view were prepared by electropolishing

to perforation in a Struers Tenupol 5 twin-jet apparatus

using a solution of 150 mL perchloric acid and 900 mL

ethanol at -40 �C at an applied voltage of 20.5 V. For

plan-view foils from the recast layer, the sidewall of the

laser-drilled hole was covered with an acid-resistant var-

nish (MicroshieldTM) so that the disc was thinned to

perforation from the base metal side. Cross-sectional foils

through the recast layer were prepared using FEI Strata 235

and Nova Nanolab 600i dual-beam FIBs. The specimens

were examined in Philips EM-420 and FEI Tecnai T12

TEMs operating at an accelerating voltage of 120 kV.

All of the sectioned holes were found to exhibit similar

features with uniform recast layers &10 lm in thickness

on the sidewalls and a thicker (up to 25 lm) resolidified

layer in the bottom of the hole. We note that the sidewall

recast layers consisted of a series of sub-layers, one for

each of the laser pulses (Fig. 1e). Figure 2 shows a SE

FESEM image obtained from the interface between the

base metal and the resolidified layer at the bottom of one

hole. There is a clear difference between the microstruc-

tures on either side of the interface and the transition is

very abrupt. The base metal microstructure corresponds to

Fig. 1 a–c Schematic diagrams

of the sample geometries:

a arrangement of holes on the

sample surface; b cross-

sectional through a row of

holes; c detail from b showing

the recast layer in the sidewall

and melt pool, together with the

region in which a HAZ would

form. d–e SE SEM images:

d cross-section through the

lower half of a hole; e detail

from a hole angle-polished to

reveal the sub-layers in the

recast
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that expected for P/M IN100 (e.g. [20]) and indeed there

were no discernible differences between the microstruc-

tures of the base metal in such regions and those well away

from the hole. Careful measurements of the primary and

secondary c0 phases along probe lines parallel to the

interface revealed no change in the sizes of these features

with distance from the interface. Moreover, the EDXS data

revealed no differences in the base metal chemistry as the

interface was approached. Similarly, no changes in the base

metal microstructure or chemistry were noted at the

interfaces with the recast layer on the sidewalls. Thus, there

is no measurable metallurgical HAZ in this system under

these processing conditions.

The EDXS data revealed no significant differences

between the chemistry of the base metal and that of the

recast layer but the microstructures are very different; the

recast layer exhibits a ‘‘cellular’’ contrast in the SE FESEM

images (Fig. 2 and enlarged region inset) consisting of dark

cells &300–500 nm in diameter delineated by bright (i.e.

raised) boundaries. These cells are arranged into colonies

&2–10 lm in diameter within which the cells are aligned

in rows/arrays. The origins of this unusual contrast are

suggested by SE ion beam images obtained from the walls

of trenches cut during the FIB preparation of cross-sec-

tional TEM foils from the recast layer. One example is

shown in Fig. 3. Such images exhibit uniform intensity

within the cellular colonies but very strong contrast

between them. Such contrast is usually associated with

changes in SE emission due to variations in the channeling

of the Ga? ion beam with crystal orientation. Thus, the

contrast is consistent with a dendritic-type structure

wherein each colony corresponds to a single crystal ori-

entation and each cell is a section through a dendrite arm.

The details of these structures were revealed more

clearly in data obtained from the TEM foils (e.g. Fig. 4). A

bright field (BF) image showing a typical region from the

base metal is shown in Fig. 4a. This region contains c and

primary c0 grains with secondary c0 precipitates within the c
grains. The corresponding ½110� zone axis selected area

diffraction pattern (SADP) from a single c grain is shown

in Fig. 4b and this contains the 100- and 110-type L12

superlattice maxima that one would expect for a grain

containing coherent secondary c0 precipitates. A BF image

showing a typical region from the recast layer in the

sidewall of a hole is shown in Fig. 4c. The overall mor-

phology of the microstructure is very similar to that

observed in SE FESEM images, except that the cell

boundaries are dissolved preferentially by the electropol-

ishing solution giving grooves rather than ridges at these

locations. All of the SADPs such as Fig. 4d obtained from

groups of cells corresponded to those expected for FCC

crystals, and there was no evidence for L12 ordering. This

is consistent with the colonies being dendrites of super-

saturated c phase as suggested by the SE FIB images.

No changes in structure or defect content were detected

between the interior of the cells and the boundaries, but the

EDXS data did reveal subtle compositional variations.

Measurements were taken from 20 locations and the EDXS

data were quantified using the overall alloy/recast chem-

istry as a standard. The mean composition (in wt%)

measured at the centers of the cells was Ni–18.80Co–

12.32Cr–5.16Al–3.54Ti–3.06Mo–0.86V, as compared

to Ni–18.36Co–12.36Cr–5.52Al–4.03Ti–3.16Mo–0.89V at

the cell boundaries. The differences in the Co, Cr, Mo, and

V concentrations fall within the experimental scatter but

Fig. 2 SE SEM micrograph from a cross-sectional sample showing

the boundary between the recast and base metal at the bottom of the

melt pool. The inset is an enlargement from the recast showing the

cellular microstructure in this layer
Fig. 3 SE ion beam image from a cross-sectional sample showing the

dendritic character of the microstructure within the recast layer
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the proportional change in the Al and Ti contents is larger

and this enrichment was consistent for all locations. We

note that these data may be an underestimate of the degree

of the enrichment due to contributions from the surround-

ing cells when measuring the composition of the thin

(&20 nm) cell boundary layers. Thus, the cellular

appearance of the recast in both FESEM and TEM images

probably arises due to differences in the etching and

electro-polishing behavior due to dendritic microsegrega-

tion of Al and Ti.

Both the absence of any HAZ in these samples and the

complete suppression of c0 precipitation in the recast layer

are remarkable. In both cases, this is presumably due to the

very short thermal transient giving insufficient time for the

anticipated microstructural changes. The total processing

time for each of the holes drilled in this study is less than

0.4 s and the volume of the recast layer on the sidewalls is

less than 10% of the hole volume (i.e. over 90% of the

molten/vaporized material is ejected from the hole). The

presence of distinct sub-layers within the recast layer

indicates that the redeposited material from one pulse has

solidified completely before the arrival of the material from

the next pulse; since the pulses are separated by 0.1 s, we

estimate that the cooling rate for the molten/vaporized

material depositing on the sidewalls is well in excess of

104 �C/s. The microsegregation of Al and Ti to the cell

boundaries in the recast implies that the limited diffusion of

the other transition metal species may be what prevents the

precipitation of c0 phase. We note that partition coefficient

for Cr is particularly large in this system (P [ 5, e.g. [20])

and so this may be the controlling factor, although it is not

clear why the diffusion of Cr should be more limited than

that for Ti in this system. Similar factors could also be

responsible for the absence of a HAZ in this case and

indeed the same argument should hold for other superal-

loys, i.e. one might not expect the formation of a HAZ in

Ni-based superalloys percussion laser-drilled under such

conditions.
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