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The structure of pulsed laser irradiated graphite surfaces has been elucidated. The pulse
fluences range up to 4 J cm"2 with durations no longer than 30 ns. The region exterior
to the irradiated spot is littered with —0.1 jam diameter carbon spheroids. The boundary
region is characterized by both spheroids and torn layers 1-5 fim in lateral extent. The
central region displays carbon spheroids and surface upheavals. The carbon spheroids
are attributed to hydrodynamic sputtering of carbon. The surface upheavals and torn
carbon layers are attributed to constrained thermal expansion and contraction of the
irradiated region. It is estimated that a nearly instantaneous 1000 °C temperature change
is necessary to cause the observed surface deformation. Pulse fluences in excess of
0.8 J cm"2 cause a thin layer of carbon to melt. This is proven by the fact that the
irradiated layer in the solid phase has a turbostratic structure. Electron diffraction
experiments and dark-field imaging experiments show that the basal plane grain size of
the resolidified material varies from —20 A at the melt threshold to —100 A for samples
irradiated with 4.0 J cm"2.

I. INTRODUCTION

The high temperature phases and properties of
carbon, the most refractory material known to man,
have long been of interest. The nature of the high
temperature-low pressure region of the carbon phase
diagram is still known with little certainty.1 The high
melting temperature of carbon (estimated to be
—4500 K2) and the high vapor pressure near the melt-
ing point prove to be substantial experimental barriers
to effectively probing this region of the P-T phase dia-
gram. It is difficult to confine a —4500 K melt pool of
carbon (what could be used for a crucible?). Hence
most direct experimental work on the structure and
properties of liquid carbon have involved rapid heating
of carbon either by electrical currents3'4 or by short in-
tense laser pulses.5"7

Previous work by Braunstein et al. on the problem
using Rutherford backscattering spectrometry (RBS),
Raman spectroscopy, and ion channeling has led to val-
ues of the disordered layer thickness as a function of
laser pulse fluence,8 as shown in Fig. 1. These investi-
gators concluded that liquid carbon was formed when

a)Portions of the text and results were presented at the 1985 and
1987 Fall Meetings of the Materials Research Society.

b)Current address: Rome Air Development Center, Hanscom AFB,
Massachusetts 01731.

samples were irradiated by a 30 ns pulsed ruby laser
(A = 6943 A) with fluences greater than 0.6 J cm"2.
Further evidence for melting can be obtained by direct
microscopic examination of the irradiated region and
then drawing conclusions from the observed structure.

In this paper we report not on the high temperature
phases of carbon but rather on the structural character-
istics of the post-irradiated carbon surfaces. We will
show that the post-irradiated material is a fine-grained
turbostratic structure (random rotations and transla-
tions between successive carbon sheets) consistent with
rapid solidification of a pool of liquid carbon.

II. EXPERIMENTAL PROCEDURE

Samples of pristine highly oriented pyrolytic graph-
ite (HOPG) were irradiated using one of two systems: a
30 ns pulsed ruby laser (A = 6943 A) passed through a
quartz homogenizer for spatial uniformity, or a 20 ps
pulsed frequency doubled Nd: YAG(A = 5320 A) laser.
The incident radiation was normal to the sample sur-
face. The incident beam was unpolarized and had a
spot size on the sample of —3-5 mm. All samples were
irradiated by the ruby and Nd: YAG lasers in air. SEM
was performed using a JEOL 200 CX microscope oper-
ating at 80 kV. TEM was also performed using a JEOL
200 CX microscope operating at 200 kV. Bright-field
TEM, selected area diffraction, and high resolution
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FIG. 1. Effect of laser pulse fluence from a 30 ns pulse ruby laser
(A = 6943 A) on disorder depth as determined by ion channeling.
(Taken from Braunstein et a/.8)

TEM were performed. Chemical analysis, by x-ray flu-
orescence, was performed on a VG HB5 STEM. Speci-
mens for TEM and STEM were prepared by peeling
the HOPG from the unirradiated side of the specimen
down to an electron transparent thickness (—1000 A) and
then repeatedly bathing, —20 times, the thin specimen
in either methanol or acetone.

III. RESULTS

Any single technique for evaluating a complex struc-
ture will provide only limited information. By using
several different microstructural characterization tech-
niques, a deeper understanding of a structure can be
developed. This will be shown to be the case for the
laser-irradiated samples discussed below.

For samples irradiated with the ruby laser using
energy fluences less than 0.6 J cm"2, SEM and optical
microscopy results indicate no alteration of the surface
structure of the HOPG. Channeling measurements
performed by Venkatesan et al.5 show that pulse flu-
ences in excess of 0.6 J cm"2 are necessary to form a
disordered surface layer. Hence, if melting does occur
at these low laser energy fluences, then the melt solidi-
fies in a 'quiet', uneventful, and, most importantly, epi-
taxial manner.

For laser energy fluences in excess of 1.0 J cm"2,
the structure becomes rather complicated. The follow-
ing three characteristic regions are observed in all sam-
ples irradiated with a ruby laser using energy fluences
in the range 1.0 to 3.0 J cm 2:

(1) A region exterior to the directly irradiated spot
which is littered with small, —0.1 fim diameter, carbon
spheroids—with a structure similar to that of carbon
black. The number density of the spheroids decays with

increasing distance from the perimeter of the irradiated
region.

(2) A boundary region showing both spheroids and
torn layers of carbon, about 1-5 .̂m in lateral extent, on
the surface.

(3) A central region with spheroids and surface up-
heavals which trace out a grain pattern comparable to
that of pristine HOPG.

Rippling of the surface was not observed.
The characteristic regions can easily be distin-

guished with optical microscopy. In Fig. 2(a), an optical
micrograph of a sample irradiated with a 2.0 J cm"2

pulse, the boundary of the irradiated region is clearly
visible. The rough background contrast near the bound-
ary is due to 1-5 yum torn layers of carbon resting on the

(a)

1 • ; • ' • • • ? . - : v -

rv ,..̂ -r:I^;^-.?vS../-"--

(b)

FIG. 2. Optical micrographs of (a) a sample irradiated with a
2.0 J cm"2 30 ns ruby laser pulse and (b) the central region of a
sample irradiated with a 3.0 J cm"2 30 ns ruby laser pulse.
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surface, whereas the fine background contrast is due to
—0.1 jinn carbon spheroids on the surface. More detail
typical of the central region is shown in Fig. 2(b). Here
a grain-defining pattern is observed on the surface.
The linear features, as will be shown below, are actually
surface upheavals. A more detailed examination pro-
vides further structural information on these features.

The torn layers of carbon have maximum density
adjacent to the laser irradiated perimeter. The general
structural appearance of the torn layers at the bound-
ary is shown by SEM in Figs. 3(a) and 3(b). In Fig. 3(a),
it is readily seen that the torn layers are pulled back and
elevated from the surface. The torn layer in the lower
left-hand corner of Fig. 3(b) shows two important fea-
tures. The first is that the torn layers are quite thin, at
most several hundred A thick. Second, spheroids are
observed on both sides of the torn layers of carbon.
This indicates that the spheroids impacted the layer
after it had peeled away from the surface.

Further examination of the spheroids leads to inter-
esting surface morphologies, as shown in Fig. 4. In this
instance, in the center of a sample irradiated with a
3.0 J cm"2 30 ns ruby laser pulse, there are three spher-
oids which form a stack in the center of the micrograph.
The only plausible explanation for such a morphology
is that the carbon in the spheroids has made an excur-
sion into the atmosphere near the irradiated surface
prior to reattachment. Small carbon black spheres have
frequently been observed near carbon arcs.9 A mecha-
nism for the formation of the carbon spheroids is dis-
cussed below.

Surface upheavals are the other structural feature
of significance in the center of the irradiated samples.
These upheavals are clearly observed on the surface of
a sample irradiated with a 2.5 J cnT2 laser pulse, as
shown in Fig. 5. The upheavals are the result of com-
pressive deformation of the substrate, presumably at
grain boundaries during rapid thermal expansion.

All of the general features of the structure are seen
by TEM and can be directly attributed to the solidifica-
tion of laser melted carbon. Figure 6, a transmission
electron micrograph of the damaged region of a sample
irradiated with a 3.0 J cm 2 pulse, shows a torn layer,
spheroids, and one surface upheaval. Selected area dif-
fraction patterns from areas as small as 1 fim2 display a
fully developed ring pattern, as shown in Fig. 7(a) for a
sample irradiated with a 30 ns 2.5 J cm"2 pulse. The
periphery of the bright area surrounding the forward
scattered beam corresponds to the 002 ring (we main-
tain the indexing scheme for graphite—the c-axis spac-
ing is equal to twice the interlayer spacing). The outer
two rings correspond to 100 and 110. This diffraction
pattern is entirely consistent with previously pub-
lished work5 and corresponds to a randomly oriented 2-
dimensional carbon structure.

( jm

FIG. 3. Scanning electron micrographs of the boundary region of
a sample irradiated with a 2.5 J cm"2 30 ns ruby laser pulse.
(a) Low magnification view showing general structure, (b) High
magnification view showing detail of torn layers and spheroids.

The similarity in behavior between nanosecond
and picosecond pulsed laser irradiation is verified by
electron diffraction studies. In Fig. 7(b) we show a
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FIG. 4. The surface structure in the central region of a sample ir-
radiated with a 3.0 J cm"2 30 ns ruby laser pulse. Notice the stack-
ing of the spheroids in the center of the micrograph (see arrow).

FIG. 5. Scanning electron micrograph of spheroids and surface
upheavals in the central region of a sample irradiated with a
2.5 J crrT2 30 ns ruby laser pulse. Note that the surface upheavals
meet to form an apparent three grain junction in the center of the
photograph.

FIG. 6. The general structure, as seen by TEM, of a sample irradi-
ated with a 3.0 J cm"2 30 ns ruby laser pulse. —0.1 yum diameter
carbon spheroids are randomly dispersed. A torn layer is visible in
the center of the micrograph. The trace of a surface upheaval runs
approximately vertically on the left-hand side of the micrograph.

selected area diffraction pattern from a sample irradi-
ated with a 20 ps 1.8 J cm"2 pulse from a Nd: YAG
laser. The similarity in diffraction patterns is evident.
At high laser fluences, the diffraction rings sharpen
and the 002 reflection loses intensity, as shown in Fig. 8
for a sample irradiated with a 30 ns 4.0 J cm"2 pulse.
A detailed discussion of the diffraction patterns is
given below.

It is possible to directly image the grain structure
of the resolidified material for cases in which the laser
fluence is near that for which the melt depth saturates
(see discussion below). A dark-field image formed from
a small portion of the 002 ring is shown in Fig. 9 for a
sample irradiated with a 20 ps 1.8 J cm"2 pulse at
A = 5320 A. The resolidified grains have the morphol-
ogy of thick disks. The grain size is —100 A in the a-
direction and —50 A in the c-direction, as shown in
Fig. 9. A grain morphology of this nature is consistent
with surface energy minimization. Efforts to image the
grain structure in samples irradiated with ruby laser
fluences less than 3.0 J cm"2 were unsuccessful; only a
continuous background contrast was observed. Addi-
tionally, all efforts to image the grain structure in dark
field using either the 100 or 110 peak were unsuccessful.

IV. DISCUSSION

In this section qualitative models will be given for
the main structural features as they evolve during heat-
ing from laser irradiation. Additionally, a detailed dis-
cussion of the diffraction patterns will be given at the
end of this section.

Periodic rippling of the surface of many laser irra-
diated materials has been reported.10"12 Sipe et a/.13 de-
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(a)

FIG. 7. Selected area electron diffraction patterns from (a) a sam-
ple irradiated with a 2.5 J cirT2 30 ns ruby laser pulse (A = 6943 A)
and (b) a 1.8 J cm"2 20 ps Nd:YAG laser pulse (A = 5320 A).

veloped a theory to explain surface rippling in terms of
inhomogeneous energy deposition of polarized incident
radiation. However, we used unpolarized radiation.
Hence these effects are not expected nor observed.

A. Surface upheavals and torn layers

The pattern of surface upheavals in the microstruc-
ture shown in Fig. 2(b) strongly suggests the outline of

FIG. 8. Selected area electron diffraction pattern from a sample
irradiated with a 30 ns 4.0 J cm"2 ruby laser pulse.

FIG. 9. 002 dark-field image of the damaged region of a sample
irradiated with a 1.8 J cm"2 20 ps Nd: YAG laser pulse. The image
was formed using 0.6/27rof the 002 ring. G is the direction between
000 and the center of the portion of the 002 ring used to form the
dark-field image.

the underlying grain structure of the HOPG. This is
additionally suggested by the junction of three up-
heavals shown in Fig. 5. It is likely that these upheavals
originate from compressive stresses in the substrate lay-
ers immediately below the melted region of carbon.
This is due to heating of the substrate below the thin
melted layer of carbon. However, the substrate in the
region surrounding the melt pool is near room tempera-
ture. Hence the substrate outside of the irradiated area
acts as a rigid barrier to thermal expansion of the sub-
strate beneath the melted region of carbon (called con-
strained inertial confinement14). The substrate material
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under the beam tries to expand, but it is constrained by
the unirradiated material. Hence compressive stresses
increase until the material yields. These ideas are sche-
matically depicted in the left panel and the upper part
of the right panel of Fig. 10.

The tearing of the surface of the resolidified mate-
rial, for example shown in Fig. 3, is attributed to ther-
mal contraction of the resolidified material and the
substrate. Hence, this is opposite to the situation de-
scribed above. In this case, however, tearing can occur
both in the substrate and in the resolidified material.
This process is schematically depicted in the lower part
of the right panel on Fig. 10.

The ideas of thermomechanical degradation of
pulse irradiated surfaces have been worked out by
Musal for elastically isotropic surfaces.15 Musal solved
the governing equations for the case of transverse iner-
tial confinement. The minimum temperature rise nec-
essary to give plastic deformation was determined to be

Ea
(1)

where v is Poisson's ratio, E is Young's modulus, Y is the
yield stress of the material, and a is the linear coeffi-
cient of thermal expansion. Musal determined that the
heated surface can be approximated by a state of plane-
stress. Hence this analysis is also applicable to laser-
pulsed graphite when the incident beam is normal to
the graphite basal planes. For an order of magnitude
estimate of the temperature rise necessary to cause de-
formation in the graphite, we use the theoretical
in-plane tensile strength (Y) and Young's modulus (E)
for single crystal graphite; E = -1000 GPa and
Y = 20 GPa.16 The in-plane thermal expansion coeffi-

cient for graphite shows anomalous behavior. For tem-
peratures in the range 0-750 K, a is negative, while for
temperatures greater than —1000 K, a saturates at
—1 x 10~6 K"1.17 Since we are interested in the behavior
of the substrate up to temperatures of —4500 K, a will
be approximated to be - 1 x 10"6 K"1. If we approxi-
mate Poisson's ratio to be 0.5, we find that the tempera-
ture rise necessary to cause plastic deformation is
—10 000 K. If we use a more reasonable value for the
in-plane tensile strength reported to be 2 GPa18 (at-
tributable to defects in the HOPG), we find the tempera-
ture rise necessary to cause deformation to be —1000 K.
We know that there is at least a 3000-4000 K tempera-
ture rise because the sample melts. Hence, it is reason-
able to interpret both the surface upheavals and surface
tears as thermal stress-induced features. (Surprisingly,
the temperature rise necessary to cause plastic defor-
mation in annealed pure Cu is only 20 K.15 This is due
to the low yield stress in pure Cu crystals.)

B. Carbon spheroids and hydrodynamic
sputtering

Perhaps the most interesting surface features are
the small carbon spheroids. It is clear from the SEM
results shown in Fig. 4 that the carbon spheroids have
been ejected from the surface, only to return later ei-
ther by gravitational or electrostatic attraction. Similar
structures have been observed in laser-melted surfaces
of Bi and PbTe,19 Cu,20 and Si.21 Recently a theory has
been developed to explain the presence of small sput-
tered spheres of material on laser-irradiated surfaces.14

The theory of hydrodynamic sputtering developed
by Kelly and Rothenberg14 assumes that there are in-

Original

"Instantaneous" - . , ? u r f a c e

distorted surface

INCIDENT
RADIATION

"Inert ial"
confinement
(strain =0)

Side view

HEATING • - n S £
(compression) ••.• V

y
Irradiated

s p o t \ .-•

$ & ; & •

?$$&:

FIG. 10. Irradiated surface thermal
distortion and thermomechanical deg-
radation. (Taken from Musal15)

COOLING ^]^-:-)#mv
(tension) yX0$W^

• • • • . • • • • / • • • * • ' : ' ; .

Top view

J. Mater. Res., Vol. 5, No. 5, May 1990 985

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/JM

R.
19

90
.0

98
0 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1557/JMR.1990.0980


J.S. Speck, J. Steinbeck, and M.S. Dresselhaus: Microstructural studies of laser irradiated graphite surfaces

homogeneities (called asperities) on the surface of the
solid substrate prior to laser irradiation, shown sche-
matically in Fig. ll(a). During laser irradiation there
is an additional expansion AL of the asperity relative
to the molten substrate. This expansion imparts a
momentum to the particle (4vr3pi/3)(AL/At), where
At is the duration of the pulse, AL = 2raAT +
2r[(ps — P/)/3ps], in which a is the linear thermal ex-
pansion coefficient, ps is the solid density, and pi is the
liquid density. The formation of the particle is opposed
by a surface tension force/ = -[d(4Trr2y)/dr] = -8Trry,
where y is the surface energy of the liquid. Completing
the momentum balance, Kelly and Rothenberg derived
an expression for the minimum droplet size, rmin, which
can be expelled from the substrate:

pt{AL/L)
{At)-

1/3

(2)

Numerical evaluation of this expression is difficult be-
cause of our ignorance of the magnitude of many of the
parameters of liquid carbon (such as surface energy, lin-
ear expansion coefficient, density, and overheating in
the asperity). The important point, however, is that this
expression does predict a minimum size of the expelled
spheroids. Examination of the TEM and SEM micro-
graphs shows that the ejected spheroids have a mini-
mum size of —0.1 /xm, which supports the theoretical
idea of Kelly and Rothenberg that there is a minimum
size for the ejected particle.

C. Electron scattering and imaging

The nature of the diffraction patterns from the ir-
radiated material will now be considered. A calculated
electron diffraction pattern from a powder sample of
fully graphitized carbon is shown in Fig. 12. Excluding
002, it is seen that the hkl reflections with the greatest
intensity are 101 and 112. The diffraction patterns for
the laser-irradiated material shown in Figs. 7 and 8

FIG. 11. Sketch relevant to hydrodynamical sputtering, (a) A sur-
face asperity with height 2r. (b) The same asperity pulling away
from the laser irradiated surface. AL is the additional thermal ex-
pansion of the asperity relative to the molten substrate. Lm is the
surface melt depth. (Taken from Kelly and Rothenberg14)

FIG. 12. Calculated ring electron diffraction pattern for fully
crystalline graphite.

display a 002 ring and broad 100 and 110 bands. This
result suggests that the resolidified carbon is only turbo-
stratically ordered (random stacking of the layers). The
hk component of a powder pattern of a turbostratic car-
bon consists of a sharp rise in intensity on the low s1
side of the peak (s = sin 0/A), and then a long tail on
the high s side of the peak which decreases approxi-
mately as f2/s2, where / is the atomic scattering factor
for carbon. An idealized pattern is shown in Fig. 13.
Detailed discussions of such diffraction patterns are
given elsewhere.22'23

The nature of the diffraction patterns can be illu-
minated by performing microdensitometer measure-
ments of the scattered intensity. The scattered intensity
is proportional to the photographic density D =
log(l/T), where T is the fraction of light transmitted
through the negative.24 The radial dependence of the
intensity for several irradiated samples is given in
Fig. 14. Measuring the 002 peak is difficult due to its
proximity to the forward scattered beam. What we do
find are broad bands for the 100 and 110 peaks. No 004
peak is discernible. The absence of a 004 peak indicates
that there is some alignment of the c-axes of the resolidi-
fied grains with the c-axis of the substrate (the beam
direction is coincident with c-axis of the substrate).
This is not surprising since the interfacial energy of the

.oae

0
• • 8

FIG. 13. Schematic powder diffraction pattern expected from a
turbostratic material. (Taken from Cowley22)
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resolidified grains is minimized by increasing the align-
ment of their c-axes with the c-axis of the substrate.

The widths of the hk peaks shown in Fig. 14 are
inversely proportional to the average in-plane crystallo-
graphic coherence length LO.23'25 If there is complete
alignment of the c-axes of the resolidified material
and this direction is parallel to the incident beam direc-
tion, then the expression for La is the same as that
for the fully crystalline material, namely the Scherrer
equation:

La =
0.94A

B cos 0' (3)

where A is the electron wavelength, 0 is the Bragg angle,
and B is the FWHM peak breadth in radians. If, how-
ever, the orientation of the resolidified material is com-
pletely random, then La is given as23:

1.84A
(4)La =

BcosO

Since we observe no 004 peak, the numerical coeffi-
cient we use should be an intermediate value between
0.94 and 1.84. Stating this, Eq. (4) is chosen to calculate
La values, since a larger numerical coefficient partially
corrects for instrumental broadening of the peaks. An
La value of —20 A is calculated from the 110 peak of
the samples irradiated with 1.15 and 2.2 J cm'2 30 ns
ruby laser pulses. An La value of —70 A is calculated
for the sample irradiated with a 3.0 J cm"2 30 ns ruby
laser pulse. These results are in agreement (within a
factor of 2) with grain sizes determined by Raman spec-
troscopy,26 as shown in Fig. 15. The diffraction results
show that the liquid carbon resolidifies with a fine-
grained turbostratic microstructure.

The dark-field imaging results, such as those shown
in Fig. 9, also give good agreement with the average

2.0
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Nd: YAG pulse energy density (J/cm2)
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o ^
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FIG. 15. Raman intensity ratio Iamlhmo for laser irradiated
graphite as a function of laser energy density for 30 ns ruby laser
pulses (lower abscissa) and 20 ps Nd: YAG laser pulses (upper ab-
scissa). The abscissas in the figure have been set so that compari-
sons between the two irradiating conditions can be made easily.
The solid line is a guide to the eye. (Taken from Steinbeck et a/.27)

grain size measured by electron diffraction and Raman
spectroscopy. For the sample irradiated with a 1.8 J cm"2

20 ps laser pulse, La measured from the 002 dark-
field image is -100 A. Referring to Fig. 15, we see that
the grain size determined from Raman spectroscopy is
extrapolated to be on the order of 100 A.

The diffraction measurements show that the rela-
tive intensity of the 002 ring decreases with increasing
pulse fluence, indicating that the c-axis alignment of
the resolidified material increases with laser fluence.
At low pulse fluences, the melt pool is shallow and just
above the melting temperature; hence the material
resolidifies with a random orientation. At high pulse
fluences, the melt pool deepens, and the average liquid
temperature rises; hence there is more time for align-
ment of the c-axis of the resolidified material with the
substrate c-axis. The melt depth increases with pulse
fluence up to a saturation value, as shown in Fig. 1.
Efforts to image the resolidified grain structure at low
pulse fluences were unsuccessful because of the high
degree of randomness of the structure and the small
grain size. For example, a sample irradiated with a
1.15 J cm"2 30 ns ruby laser pulse will have an Ltt value
of —20 A. The thickness of the foil used for the micros-
copy experiment is —1000 A (the value of the disorder
depth determined by RBS, as shown in Fig. 1). Hence
there are —50 grains through the thickness of the foil.
To form a quasi-continuous intensity dark-field image,
10 out of 50 of these grains need to have 002 in the
vicinity of the Ewald sphere (the factor of 10 comes
from the fact that the objective aperture used for these
experiments encompasses —10% of the 002 ring). How-
ever, a sample irradiated with a 4.0 J cm"2 30 ns ruby
laser pulse will have an La value of —100 A. The thick-
ness of the foil is —2000 A. In this case there are —20
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grains through the thickness of the foil. Hence it would
be necessary for half of the grains to have 002 near the
Ewald sphere to form a continuous dark-field image.
The diffraction results for the 4.0 J cm"2 pulse show
that perhaps <1% of the grains have 002 near the
Ewald sphere (Fig. 8). Hence it is in the high energy
density regime that the grains oriented to diffract
strongly are sufficiently spaced to be easily resolved in
dark-field images, such as that shown in Fig. 9. The
failure to resolve the grain structure in nanocrystalline
materials lies in the fact that the dark-field images from
these materials frequently give too much information to
be resolved, that is to say, that there is sufficient over-
lap of properly oriented grains to give approximately a
continuous intensity level in the dark-field images.

V. CONCLUSIONS

(1) The upheavals observed on the surface of the
irradiated region are attributed to compressive failures
of the substrate during the heating. Similarly, the
surface tearing is attributed to tensile failure of both
the resolidified material and the substrate during post-
irradiation cooling. Using measured values for the basal
plane tensile strength of graphite, it is estimated that a
temperature change of —1000 K in the substrate or
resolidified layer will cause sufficient thermal stress for
tearing to occur.

(2) The small carbon spheroids which litter the sur-
face of the irradiated region are due to hydrodynamic
sputtering of surface asperities. The minimum size of
the spheroids on the laser-irradiated surfaces was
—0.1 jam. This size is comparable to that on surfaces of
other laser-irradiated materials.

(3) There is increasing alignment of the c-axes of
the resolidified grains with the c-axis of the substrate as
the laser pulse fluence increases. The resolidified ma-
terial is turbostratically ordered. The basal plane grain
size of the resolidified material varies from —20 A for
samples irradiated with fluences just above the melt
threshold to —100 A for samples irradiated with high
fluences. Consistent results are obtained between Raman
spectroscopy, electron diffraction, and TEM imaging in
determining the grain size of the resolidified material.

(4) The dark-field images of the resolidified mate-
rial demonstrate the possibility of imaging nanocrys-
talline materials with favorable grain textures.
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