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Pyrolysis-Induced Fragmentation and Blowoff
of Laser-Irradiated Surfaces

Girard A. Simons*
Physical Sciences Inc., Andover, Massachusetts

During pyrolysis of a laser-irradiated material, large pressures must develop within the internal porous struc-
ture in order to transport the volatile gases to the free surface. These high internal pressures may cause
macroscopic fracture and/or solid-phase mass removal prior to complete pyrolysis or vaporization. A
pyrolysis/volatile transport model is used to assess the conditions under which this enhanced mass removal
mechanism will occur. Critical energy densities (=kJ/g) are predicted to be relatively insensitive to the physical
parameters involved. The threshold pulse fluence (J/cm? absorbed by the target) is sensitive to the laser pulse
duration, the pyrolysis rate, and the laser absorption depth.

Nomenclature
a =radius of porous particle
A =pre-exponential factor of k
B =activation energy of k&
B, =B/2+N
c =specific heat of target material
F = pulse fluence absorbed by target, J/cm?
F,,  =threshold pulse fluence for fragmentation
F;» =minimum threshold pulse fluence
g =pore distribution function per sample area
k =intrinsic pyrolysis rate
K, =const = ratio of pore length to diamater ~5
¢ =depth of thermal layer
£, =laser absorption depth

£, =length of pore of radius r,
¢ length of the pore that represents the trunk of a tree
M = pre-exponential factor for 6

N =decay constant for 6.,

n(y) =number of pores of radius 7, at location y in pore tree
Pc  =gas pressure at (r,,r,)

Pimie = upper limit of p; in the pore

Duax  =Vvalue of pg at (rp,, /)

Drs =reference pressure, see Sec. 111

max

r, =radius of pore

rmin =radius of smallest pore

rmax  =radius of largest pore

r, =radius of the pore that represents the trunk of a tree
rjy  =radius of pore for which é(r,, r,) =0

R = gas constant

s, =specific internal surface area (area/mass)
t =time

T =temperature

u =bulk velocity of volatiles

vV =mean thermal speed of a molecule

X = coordinate normal to free surface

X =reference length, see Sec. V

Xy =location of fracture

y =skewed coordinate in pore tree

6 :‘e”(rmax/rmin)

0 = porosity

b =final porosity after pryolysis

K =thermal diffusivity

kg  =gas viscosity
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PG =gas density

P =density of nonporous material
O0max =material yield stress

7, =laser pulse duration

I. Introduction

YROLYSIS, pore evolution, and volatile transport
within a porous media have been studied extensively in
the coal pyrolysis literature.!* The relatively rapid pyrolysis
rates, coupled with the large internal resistance to fluid
transport, induce high internal gas pressures that are poten-
tially capable of causing fragmentation. This mechanism is
responsible for enhanced mass removal from charring
ablators in re-entry® and is examined here for its potential in
enhancing the mass removal from a laser-irradiated surface.
The gas within the porous structure may reach a limiting
value (pyn,;) corresponding to a static gas at a temperature
of 3000-4000 K and a gas density equal to the solid density
of the material which is pyrolyzing (1 g/cm?). This pressure
is of the order of a gigapascal, i.e., p;m, =1 GPa, and, if the
entire pore volume contains gas at this pressure, fragmenta-
tion is imminent. However, the permeability of the porous
media may be sufficiently large, or the pyrolysis rate may be
sufficiently low, that py; is not attained anywhere within
the porous media. Clearly, a pore evolution/volatile
transport model is required to assess the gas pressure within
the porous media as a function of the pyrolysis rate, pore
size, etc.

Volatile transport models'* have been developed using
both the random pore model®® and the pore tree model'%-'?
of pore structure. These two models represent extreme limits
on the assumptions of pore interconnectivity and the
permeability of the porous system, the pore tree offering
much more resistance to fluid flow than the random pore
model. The random pore model assumes that all pores in-
tersect and mix simultaneously. Specifically, the random
pore model requires that each small pore connect two larger
pores.!? This requires that the pore aspect ratio (length to
diameter) be of order 100. The pore tree theory predicts that
all pores possess an aspect ratio of order 10. Hence, small
pores may connect to larger pores only on one end and all
pores must branch from successively larger pores like a tree
or river system. Key aspects of the pore tree theory, with
respect to pore interconnectivity, have been validated for
coal and char.'* When applied to coal pyrolysis,!? the inter-
nal pressures predicted by the pore tree theory are much
greater than those predicted by the random pore model.
Hence, application of the pore tree theory to pyrolysis-
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induced fragmentation of laser-irradiated surfaces must be
restricted to target materials whose pore structures are
similar to that of coal and char; otherwise, the internal gas
pressure and the tendency to fragment will be overestimated.

In order to develop a pore structure similar to that of coal
char, a material must posses pyrolyzing and nonpyrolyz-
ing components that are represented by the volatiles and the
char, respectively. The pyrolyzing component must be a
complex hydrocarbon, with a wide range of bond energies
such that a wide range of pore sizes results from pyrolysis. !
Composite materials consisting of fibers and resins meet
these restrictions. The fibers can consist of a glass or a car-
bon, while the resin must be an organic compound such as
an epoxy or phenolic material that will ‘‘char’’ in a manner
similar to coal.

Recognizing that this analysis may overestimate the poten-
tial for fragmentation of noncharring materials, the pore
structure model is summarized in Sec. II, the volatile
transport model is described in Sec. I1I, and the fragmenta-
tion model is developed in Sec. IV. The model predictions
are obtained in Sec. V. It is shown that: 1) the critical energy
densities and pulse fluences required for fragmentation are
relatively insensitive to the physical parameters involved, and
2) there is an optimum laser pulse duration, energy absorp-
tion depth, and pyrolysis rate that minimize the pulse fluence
required for mechanical mass removal.

II. Pore Structure

A statistical model describing the structure of porous coal
and char has been previously reported by Simons and Fin-
son!® and Simons.!'2 A spherical char particle of radius a
contains pores of length £, and radius r,. While the particle
size @ will be replaced with the fracture depth x; in the pres-
ent application, the pore dimensions within the particle
fragment will range from a microscale (on the order of
nanometers) to a macroscale that is a significant fraction of
the particle size. The radius of the largest pore is denoted by
roax and is given by

Fax =207 a/3K, 4}

where 6 is the total porosity of the char, K, a constant of in-
tegration relating the pore length to its radius,

0, =Kor, /8" )

and available data!®' for r,/a have been used to infer
K,=5. The radius of the smallest pore is denoted by r,;, and
is given by

T'min = 20/Bp.vsp (3)

where B=0a(rp,/Tmin)s ps 1s the solid density of the
pyrolyzed material, and s, is the specific internal surface
area (typically several hundred square meters/gram for coal
and char).

The porous sample contains a continuous distribution of
pore sizes from rp;, to ry... The number of pores within an
arbitrary cross section of area A and with radius between r,
and r, +dr, is denoted by g(r,)Adr,. The pore distribution
function g(r,) is given by

g(r,) =0/2%pr}

where g(r,) indicates an average over all inclination angles
between the axis of the pore and the normal to the plane.
Due to the random orientation of the pores, the intersection
of a circular cylinder with a plane is an ellipse of average
area 2zr3. Hence, the porosity is the 27r; moment of g(r,)
and the internal surface area is the 47r, moment of g(r,).
The expression for g(r,) was derived from statistical
arguments’® and predicts that the pore volume between 7,
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and r, increases linearly with the natural log of r,. It is the
functional form of this relationship,

;
P -
S r2g(r,)dr, =const X fur,

"min

that depicts the inverse cubic dependence of g(r,) on r,. A
linear display of the mercury intrusion volume‘f always in-
fers a Q/rf, distribution, where Q is specified by the pore
volume and is proportional to the slope of the intrusion
volume with respect to f(r,). Local variations in Q may be
rationalized as local errors in the pore radius, which is con-
siderably more accurate than resorting to a bi- or trimodal
distribution function incorporating all the pore volume into
two or three distinct pore sizes.

Each pore that reaches the exterior surface of the porous
particle is depicted as the trunk of a tree. The size distribu-
tion of tree trunks on the exterior surface of the particle is
denoted by g(r,)4na*dr,, where g(r,) is functionally iden-
tical to g(r,). Each trunk of radius r, is associated with a
specific tree-like structure. A detailed description of the
branching sequence in the pore tree has been developed.!?
The pores branch in a continuous downsizing manner. The
number #(y) pores of radius r, at position y in the pore tree
is given by

n(y)=ri/ry(») “

and the coordinate y is related to r, by

Yo T ©®)
dy 4

where y is positive out of the pore tree.

The branching sequence of the pore tree is a critical func-
tion'? of the Q/r} distribution function discussed above.
Hence, it is necessary to validate this distribution function
(with mercury intrusion'#) for any materials pyrolyzed by
laser irradiation. Indeed, this distribution function is well
validated for coal and char,!%* porous sorbents such as
calcine, '’ and shortite!® that are used for absorption of trace
species in coal gas cleanup and even for kidney stones.!’
However, empirical validation of the pore size distribution
function is always an a priori requirement for the validation
of the pore tree/transport model.

The current description of the pore tree provides a realistic
pore structure in which pore evolution! and species transport?
during pyrolysis have been described. The transport theory pro-
vides a quantitative prediction of the gas pressure in any pore in
any tree of the structure. This pressure distribution is used to
assess the fragmentation due to internal pressures induced dur-
ing pyrolysis of a laser-irradiated surface.

III. Transport Model
A schematic of the pore tree is illustrated in Fig. 1. The
mean velocity of the volatiles z and the skewed coordinate y
are positive out of the tree. At each location y, there are n
pores of radius r, within a given pore tree of trunk radius r,.
The pore growth during pyrolysis is given by!

drp_ T, i
dr 36 dr ©)
or
0 \ %
rp:rp(o)<0—(5—) (7)

Equations (2) and (7) depict that the pore length is constant
during pyrolysis. Pores are connected end to end in the pore
tree and only the radius increases during pyrolysis.
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Fig. 1 Volatile flux through the pore tree.

The flux of volatiles from the wall of the pore is added to
the flux through the pore tree. The continuity equation is
written as?

d(pgtt) _ psbk (6,~0)
dr or

p p

®

where the bulk pyrolysis rate & is defined as

and 6, is the final porosity after pyrolysis. Integration of Eq.
(8) subject to psu =0 at y=0 yields

k¢,
0= tprefen( rp ) (9)
Dg T'min
where
ref 86

and V is the mean thermal speed of a molecule,
V= (8RT/7)"
When the internal pressures become significant enough to

induce fragmentation, the volatile transport is limited by
viscous convection.? The velocity and pressure are related by

rz  dpg
8ug dy

i1

(10

Equations (9), (10}, and (5) can be combined into a single dif-
ferential equation for dps/dr, as a function of r,. Integration
yields

2, ) r ve
b= - : (kpgDees) ™ [23'*< L > + 1] (1D

P min

for r, <r,. The failure equation (11) in the limit of r, —r, is not
relevant in describing the fracture mechanics. The large
pressure in the small pores is dominant in inducing
fragmentation.

Equation (11) predicts that the internal pressure increases
with increasing tree size and decreasing pore size. There is
clearly an upper limit (py,;) for the gas pressure correspond-
ing to the situation where the solid pyrolyzes and the gas re-
mains in the pore. This limit corresponds to a gas of density 1
g/cm? that, at 3000 K, generates a pressure of approximately 1
GPa.

If the pressure anywhere in the pore tree exceeds py..;,, Eq.
(11) must be modified? to allow p;—pyn at r, =r;, where
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Ijy > Iyin. The flow velocity and pressure gradient are zero for
all r, =r;;, and the solution for the pressure in pores of radius
greater than r;, becomes

PG (Tpr 72) = Dimi (1) [m( L ) + l] * (12)
r, r;

JU

where

2,

riy(ry) = (kugPre)” (13)

limit

The above solutions for the internal gas pressure are im-
plemented into a fracture criterion in the following section.

IV. Fragmentation Model

Macroscopic properties of a porous sample, such as
fragmentation during pyrolysis, are a consequence of the in-
tegral of various pore properties over every pore in every pore
tree in the porous sample. Consider an arbitrary cross section
of a porous material as illustrated in Fig. 2. The pores are ran-
domly oriented and the pressure in the pores acts on an
average area 27r_rf,. The net force due to the pressure in the
pores must balance the internal tensile stress o of the solid por-
tion of the material. Fracture occurs when

Tmax
| ™ po(ry2mrze(r,) dr,=0um(1-0) (14)

"min

Equation (14) describes the conditions for fracture in a
plane located distance x, from the free surface. Since the
distance x; scales with the tree height, integration of Eq. (14)
at constant x, is approximately equivalent to integration at
constant {,. Using Eq. (11) for ps(r,), the fracture criterion
becomes

pmax0>0max(l_0)6 (15)

where p,.,. is the gas pressure in the smallest pores,

2x 1,
L (kpopre)” (16)

min

Pmax =

and it has been assumed that ¢, =x,. Equations (15) and (16)
may be combined into the single criterion for fragmentation

amaxB(l B o)rmin

17
Z(T(kp'Gpref)l/2 ( )

xXf

Equation (17) simply dictates that if the pyrolysis rate &
were maintained at a sufficiently large value at a sufficient
depth x,, the fluid mechanical pressure will be sufficient to
exceed the material yield stress op,,. The largest value of x
satisfying Eq. (17) will represent the thickness of the
fragmentation zone. However, satisfying Eq. (17) does not
insure that the theoretical gas pressure in the pore has not
exceeded the limiting value py ;. This case is included by us-
ing pg=pPym for r,<r;, and p; as given by Eq. (12) for
r,zr;, in the fragmentation criterion [Eq. (14)]. The
fragmentation criterion becomes

Plimit"'min { [ Bomax(1 -0 ] }
x — 1 exp -1 (18)
4 2(kpcDrer)” OP1imit

which, in the limit of

0P imic

amax<m— (19

reduces to Eq. (17).
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Equation (18) is a general mathematical criterion for the
onset of fragmentation and solid mass removal from a laser-
irradiated target due to in-depth pyrolysis. This general
criterion is reduced to the simultaneous satisfaction of Eqs.
(17) and (19). The target material must be heated to the ex-
tent that its yield strength falls below the threshold given by
Eq. (19) and then the pyrolysis rate and thermal depth of the
heated zone must satisfy Eq. (17). In the analysis that
follows, it is assumed that o,,, satisfies Eq. (19) and it is
necessary to determine only the thermal depth that satisfies
Eq. (17).

V. Model Prediction
Consider a laser material interaction which raises the

material surface to temperature T and deposits energy over
the thermal depth ¢ such that 7'(x) is given by
T(x)=Te *"* 0)

where x is measured normal to the surface (x=0 at the sur-
face). The pyrolysis rate k(x) is assumed to follow T(x) by

k(x)=Ae BTx

Table 1 Characteristic values of parameters

A 5x101 5! Fmin 0.2 nm
B 20,000 K 8 10
M 0.1 MPa v 10* m/s
N 2,000 K 0, 0.2
B, 12,000 K Jros 10~* kg/m-s
X 0.01 nm Ps 1 g/cm’®
fe— X CROSS SECTION IN POROUS
f MATERIAL
POROUS / o
MATERIAL [ o (INTERNAL TENSION)
|—» o

%

FREE
SURFACE —}

-—

Pe

4

Fig. 2 Particle fragmentation.

Xf/Xg = 108, 107, 106, 105, 104

FRAGMENTATION ZONE THICKNESS/THERMAL LAYER THICKNESS (Xg/i)

SURFACE TEMPERATURE (T/Bg)

Fig. 3 Fragmentation zone thickness.
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where B is the activation energy (B = 20,000 K for coal) and 4
a pre-exponential factor (4=5x10*!" s-! such that k=103
s~} at 1000 K). The yield stress of the material is assumed to
decay with temperature as

Fma (%) = MeN/ T

where N is approximately 2000 K and M =0.1 MPa such that
Omax 35 order 0.1 GPa (1000 atm) at 300 K and decays rapidly
at temperatures of order 1000 K, which is characteristic of
organic composites.

Eliminating T(x), k(x), and o, (x) from Eq. (17), the
fracture condition is now expressed as

¥l ()] e

where
By=N+1%B

o 2MB 7o
*T VO, (Apge,)”

and it has been assumed that

a-of| 20’;9 (1—%)]21

The fracture criterion [Eq. (17)] was derived for the case of
a uniform particle temperature. The use of a spatially depen-
dent temperature profile requires that Eq. (17) be locally valid
at each location x. This suggests that the pressure is dominated
by the conditions at x and not by the conditions between x and
the particle surface (r, =r,). This hypothesis is supported in
the derivation of Eq. (11) for the gas pressure in the pores.

Equation (21) very clearly demonstrates that x, is of order
¢! Typical values of these parameters for coals and organic
composites are tabulated in Table 1, For values of the thermal
depth in the 10 pm range, £/, is of order 10° and x,/¢is 1.24
at T=3000 K. The sensitivity of x,/¢ to ¢/x, and T/B, is il-
lustrated in Fig. 3. The thickness of the fragmentation zone is
first order in the thermal depth £, logarithmic in surface
temperature T and activation energy B, but relatively insen-
sitive to all other parameters, provided &/x, exceeds 102.

Rewriting the temperature profile [Eq. (20)] at x=x,

o]
¢ TLT(xp)

and comparing to the fracture criterion [Eq. (21)], it is ap-
parent that the temperature at the fracture location is approx-
imately constant,

BO
~1000 K

Ty =— 20~
D) = i /mg)  aU/ng)

A constant temperature implies a constant energy density, ap-
proximately 1 kJ/g corresponding to 1000 K. While the heat
of pyrolysis of many materials does exceed 1 kJ/g, it is noted
that only a small fraction of the target need be pyrolyzed.
Hence, the heat of pyrolysis represents only a small perturba-
tion to the energetics. However, the rate of pyrolysis may be
crucial! The above analysis requires that the temperature rises
to 1000 K in a time scale less than the pyrolysis time scale;
otherwise, the volatiles will have been released at a relatively
slow rate and sufficient internal pressure would not develop.
These possibilities are readily incorporated into an analysis of
the threshold pulse fluence.
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VI. Threshold Pulse Fluence

The fluence F of a single laser pulse refers to the energy
per unit area (J/cm?) either in the laser beam, delivered to
the target surface, or that absorbed by the target. Below,
pulse fluence refers only to the actual fluence absorbed by
the target. The threshold fluence F,, is the fluence cor-
responding to the onset of fragmentation at x,=f The
threshold fluence is a function of many target parameters
and there will be a minimum threshold fluence F,,, that is
appropriate to certain régimes in parameter space.

The absorbed fluence F that induces the thermal profile
[Eq. (20)] may be expressed as

F=pcT(0)

where ¢ is the specific heat of the target material. The
threshold pulse fluence is that value of F that induces
temperature B,/ (£/x,) at x,={. This fluence is expressed as

_ psfcBge

T (/%) @2)

where e is the base of the natural logarithm. Various limits
of Eq. (22) are examined below.

08— (3) vePostTIon LossEs
Fo o 148,
(D) STANTANEOUS

sh—
10 Fina by

- 107 enlrs

(4) HEAT CONDUCTION AND
o, 510 m

DEPOSITION LOSSES

Fona V¥F g

- PYROLYSIS RATE (s~1)
3,

k

(2) ieaT cohoucTION

Fup s VR/&

| I l

107 107 107 107%

3 2

wt 10 10
p = PULSE DURATION - sec
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When a single pulse of energy is irradiated onto a target
with absorption depth £,, there are three time scales of in-
terest: the laser pulse duration 7,, the pyrolysis time 1/k,
and the thermal conduction time ¢2/«, where « is the thermal
diffusivity of the target (x=10"2 cm?/s). If the energy
deposition time is fast with respect to pyrolysis and pyrolysis
is fast with respect to thermal conduction, there are no losses
and Eq. (22) with £=¢, represents the minimum value of the
threshold fluence.

Case 1: Instantaneous deposition,

T, <1/k<f/x

=1, (23)

psl,cBye
=sr 0 24
(8, /%) 49

The case of instantaneous deposition corresponds to the
highest possible energy density at fluence F because there are
no losses. Whenever the thermal conduction time is less than
the pyrolysis time, the thermal layer will spread by conduc-
tion in the time scale 1/k. The fragmentation process is
pyrolysis limited and the thermal depth £ becomes (x/k)*.

Case 2: Pyrolysis limited,

T, <2/k<1/k or 02/k<7,<1/k

= (x/k)* (25)

pCBye < K )‘/z
Fp=——""(— 26
T (Ux) \ k 26)

When the pyrolysis time scale is short with respect to the
pulse duration 1,, the pyrolysis is over before the entire
fluence is absorbed by the target. Thus, only (k7,) ~1 of the
pulse fluence can be utilized for fracture. The process is
deposition limited and the threshold pulse fluence must be
increased by the factor k7, in order for the target to reach
the critical fracture temperature in time 1/k.

Case 3: Deposition limited,

Vk<?/x<7, or 1/k<7,<f2/x

Fig. 4 Threshold pulse fluence scaling regimes. =2 @27
1 2y
100 um
107! 10 um
5
R
e wf— Lin
o 3
[
&5
"5 -2 2
R k = 107° cm"/s
Fig. 5 Threshold pulse fluence. PR r, = 107 seconds 0 um
=
El
3
z
o
E 104 e
£
£
=
1075 p——
16-6 I | I | ‘ | l
10° 10! 102 103 10! 10 108 107 108

k - PYROLYSIS RATE (s71)
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102

INSTANTANEQUS DEPOSITION
pg = 1 g/cc
¢ = 1 Joule/gm K
Bo = 12000 K
PN -}
efxg =10

=

MINIMUM THRESHOLD FLUENCE (J/cn’)

0.1 L I I

0.1 1 10 100

£y - ABSORPTION LENGTK (um)

Fig. 6 Minimum threshold pulse fluence.

£ cByk
Fpy = 2008 (28)
tn(1,/x,)
Case 4: Deposition limited,
2/x<l/k<7, 0= (x/k) "% 29)
B,
F, =—M(Kk)'/2 30)
n(/x0)

The four cases described above are illustrated in Fig. 4 for
£,=10 pm and K=10"2 cm?/s. The threshold pulse fluence
is a minimum in region 1, as there are heat conduction losses
in region 2, deposition losses in region 3, and both forms of
losses in region 4. The fact that the instantaneous deposition
region (region 1) does represent a minimum threshold pulse
fluence is illustrated in Fig. 5. At low pyrolysis rates, the re-
quired fluence is increased by thermal conduction. At high
pyrolysis rates, the required fluence is increased due to the
completion of the pyrolysis before energy deposition is com-
plete. The minimum fluence lies in region 1. Values of this
minimum fluence are illustrated in Fig. 6 as a function of the
absorption length ¢,. For f,=10 pm, fragmentation and
blowoff will occur for an absorbed fluence of 2.5 J/cm?,
provided the pulse duration and pyrolysis rate lie in region 1
of Fig. 4.

VII. Conclusions
A criterion for pyrolysis-induced fragmentation of laser-
irradiated surfaces has been developed. It has been expressed
in a form that may be used with a computer calculation of
in-depth laser absorption. Fragmentation occurs for all x
such that

Diimit"min [ 20 ] 5 { [ﬁ(l _ 0)6"1“] }
x> exp -1
1 wkpgpc (0,—0) OPimi

€3]

where x is the distance below the irradiated surface, py; the
maximum gas pressure that can exist in the pores (the
pressure corresponding to solid density p; and temperature
T), 8= ~10, ry, is the radius of the smallest pore, gy, the
material yield stress, V the mean thermal speed of a
molecule, & the bulk pyrolysis rate, u; the gas viscosity, 0
the local porosity, and 6, the final porosity of the pyrolyzed
material.
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Idealized thermal profiles (exponential with depth) and
pyrolysis rates (Arrhenius) have been used to obtain analytic
results for the fragmentation thickness and threshold pulse
fluence in terms of the physical parameters of the system.
The thickness of the fragmentation zone is approximately the
thermal depth at time 1/k, and is relatively insensitive to all
other parameters. The threshold pulse fluence (J/cm? ab-
sorbed by target) necessary to obtain fragmentation is sen-
sitive to the laser pulse duration, the pyrolysis rate, and the
laser absorption depth f,. A minimum threshold pulse
fluence is predicted for short pulse durations, short absorp-
tion lengths, and moderate pyrolysis rates. Under optimum
conditions, a 10 pm fragmentation zone can be obtained
with an absorbed fluence of 2.5 J/cm?.
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