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ABSTRACT

Ablation behaviors of laminated carbon fiber reinforced plastics (CFRP) subjected to intense
continuous wave laser in the supersonic wind tunnel are investigated experimentally.
Comparable laser ablation tests in other environments, i.e., static air, static nitrogen and
open airflow, are also carried out. Laser ablation rate in the supersonic wind tunnel is
significantly larger than those of the other environments, in particular, at least twice of
that in an open tangential airflow condition. The ablation morphology can be classified into
two regions, coupled ablation zone (CAZ) and downstream affected zone (DAZ). Coupled
thermal-fluid-solid analysis including thermochemical ablation and thermomechanical
erosion models reveals that the contribution of each laser mechanisms is distinctive at the
different positions of the laser ablation pit.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

streamlined with high-temperature/high-speed gas flows, the
mechanisms of thermal-chemical-physical destruction of CFRP
materials are very complex [5,6]. The chemical process mainly
involves decomposition and gasification of the polymer matrix
and carbon fibers, oxidation of residual char and carbon fibers.
The physical process mostly includes phase transitions of
evaporation or sublimation, thermal expansion and contrac-
tion, thermal-induced strains, fiber-matrix interfacial debond-
ing, matrix cracking, delamination damage and mechanical
erosion [7—9]. Therefore, the thermal-mechanical behavior and
ablation performance of CFRP are illusive to model.

1. Introduction

Carbon fiber reinforced plastics (CFRP) have been increasingly
used in various industrial sectors, due to exceptional charac-
teristics such as light weight, high specific strength, high spe-
cific stiffness, improved chemical resistance, tailorable shock
and thermal resistance. In particular, CFRP have been closely
related to aerospace structures, because of high—performance
combination and weight saving demands in this type of appli-
cation [1—4]. When subjected to high thermal loadings or
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It is an interesting and practical topic to investigate
thermal-mechanical behaviors and ablation performance of
carbon fiber or polymer composites subjected to the intense
heat from laser irradiation [10—17]. Kreling et al. [12] per-
formed scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS) analytical experiments on
CFRP surfaces pre-treated with 308 nm excimer laser radia-
tion. Leone et al. [13] demonstrated that there were different
mechanisms, such as ablation, matrix burning and mechan-
ical effects, which might affect the laser beam—material
interaction in laser machining of CFRP. Dimitrienko et al.
[18] studied thermo-mechanical behavior of a polymer com-
posites heated by laser irradiation. The authors observed that
interlayer shear, tangential shrinkage stresses and through-
thickness tensile stresses are causes of delamination and
cracking. Huang et al. [19] found the material mass ablation
law of the carbon fiber epoxy composite irradiated by
continuous laser experimentally. In their work, the composite
ablation mass is proportional to the laser radiation energy
density when the laser radiation intensity is greater than
10 kW/cm?. Besides, when the laser radiation intensity is near
the composite burning threshold, the combustion phenomena
cause the fluctuation of mass ablation rate. Tong et al. [20]
proposed ablation mechanisms of different regions to
describe the ablation behavior of C/SiC composites irradiated
by a pulsed laser. Chippendale et al. [21] modeled thermo-
chemical degradation of carbon fiber composite (CFC) mate-
rials under intensive heat fluxes. The authors considered heat
diffusion, polymer pyrolysis associated with gas production
and convection through partially decomposed CFCs, and
changes in transport properties of the material due to the
damage. Mucha et al. [22] used a one-dimensional heat flow
model to investigate the extent of matrix damage zones
observed by experiments. The results revealed that the ex-
tents of the matrix damage zones are dominated by a total
interaction time, which includes the passage of the laser beam
and the continued interaction of the cloud of hot ablation
products with the carbon fibers at the kerf wall. Wu et al. [23]
studied ablation behaviors of CFRP laminates by laser of
different operation modes. Results revealed that the contin-
uous wave laser made constant ablation of epoxy matrix over
several layers, and the long duration pulsed wave laser made
conical hole through the total laminate thickness. Salama
et al. [24] analyzed the effects of laser processing parameters
(e.g. laser power, scanning speed and repetition rate) on heat-
affected zone (HAZ) sizes and ablation depth of CFRP com-
posites, using a state-of-the-art 400 W ps laser system.

In spite of many researches on laser ablation, the exact
mechanisms of laser ablation on carbon fiber composites (e.g.
thermal vs. mechanical effects) are not yet fully understood.
Moreover, different kinds of mechanisms can play a role,
depending on the type of material, laser parameters, gas
environment [25]. Among them, high-speed airflow and me-
chanical erosion may strongly affect the laser ablation
behavior. Farhan et al. [26] studied the effects of density and
fiber orientation on the ablation behavior of carbon—carbon
composites, and found that fibers were easily turned into a
sharp wedge shape when subjected to the erosion from the
oxy-acetylene flame having an angle of 30° with respect to
the fibers. Zhang et al. [27] studied the influence of tangential

airflows velocity at low subsonic and laser intensity on laser
ablation heat of glass fiber reinforced epoxy composites. Re-
sults showed that, when the laser intensity was below 200 W/
cm?, laser ablation increased with the airflow velocity on the
same laser irradiation. Helber et al. [28] investigated the
resistance of carbon-phenolic ablators AQ61 and Asterm to
high heating conditions in air and nitrogen plasmas, and
characterized gas—surface interaction phenomena, including
the interaction of the pyrolysis gases with the hot plasma
flow. Peng et al. [29] developed a model and criterion for
simulating mechanical erosion process on laser irradiating
glass/epoxy composite. In the model, a thermo-mechanical
model was used before composite delamination, while
plates and shell theory was used for simulating layer frac-
ture. Lachaud et al. [30,31] proposed a chemical equilibrium
heat and mass transport model to analyze the boundary layer
and pyrolysis gas flows in porous ablative materials.
Tangential airflow increases ablative rate by removing abla-
tion products and reduces the burn-through time. The high-
speed airflow also eliminates the oxidation products and
supplies extra oxygen. However, most of previous studies of
laser ablation are conducted in conventional experimental
environment, for instance, static test conditions or low-
speed airflow. To the best knowledge of the authors, there
are no experimental data available for the laser ablation
behavior of laminated CFRP in a supersonic wind tunnel
environment. Moreover, there is no direct experimental data
to compare laser ablation behaviors of CFRP composites
under different environments.

In the present study, laser irradiation experiments of
laminated CFRP in a supersonic wind tunnel are carried out, in
addition to several conventional environments, including
static air, static nitrogen and open airflow. Laser ablation
mechanisms and ablation rates in different environments are
discussed and compared. Simulations for laser ablation are
not yet state of the art, due to the complexity of ablation
processes where a variety of different chemical-physical
phenomena are coupled with each other [32—34]. Despite the
difficulties, a coupled fluid-solid thermal ablation model is
established to simulate the laser ablation behaviors of lami-
nated CFRP, and effects of thermochemical ablation and
thermomechanical erosion are discussed.

2. Experiments
2.1. Specimen preparation

Laminated T700/BA9916 CFRP plates with the ply pattern of
[45°/0°/-45°/90°],5 are fabricated and provided by AVIC Com-
posite Corporation Ltd. The curing temperature for BA9916
epoxy is 180 °C, as shown in Fig. 1. During preparation, prepreg
tapes are heated to 180 °C at the rate of 0.3—3 °C/min, and kept
in this specific temperature for 180 min, then dropped to the
room temperature (RT) at the maximum rate of 2 °C/min. The
curing pressure is 0.6 MPa. Mechanical and physical properties
of unidirectional prepreg tapes are shown in Table 1. The
initial fiber volume fraction is ¢y = 0.533. Samples are tailored
in dimensions of 50 x 50 x 2.4 mm, and the lamina thickness
is 0.15 mm.


https://doi.org/10.1016/j.jmrt.2021.07.101
https://doi.org/10.1016/j.jmrt.2021.07.101

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;14:1985-1997

1987

Temperature (°(‘)
A

180+5°C, maintain 180 min

180

150

ww /Do 1 e

e Zun0®?

92

40 Below 60°C, release pressure

20

v

Time (min)

Fig. 1 — Curing of T700/BA9916 composites.

2.2. Experimental procedure

The main objective of the experiment is to investigate the
effect of tangential supersonic airflow on laser ablation be-
haviors of CFRP, and compare ablation mechanisms and
ablation rates with other environments.

The experimental setup of laser ablation in the supersonic
wind tunnel is shown in Fig. 2. The supersonic wind tunnel
facility in the State Key Laboratory of High Temperature Gas
Dynamics (LHD) of Institute of Mechanics, Chinese Academy
of Sciences, is employed in the experiment. It is based on the
principle of oxygen-hydrogen combustion, and can provide a
free-stream of Mach 1.8 to 4 in the test section. The CFRP
sample is placed in the test section with a specially designed
fixture, which guarantees a tangential flow of the supersonic
free-stream over one side of the specimen. This side is also
subjected to laser irradiation during the test. The laser beam
irradiated upon the CFRP sample through a high temperature
quartz window. An IPG YLS fiber laser working at 1070 nm
wavelength is employed in the present study. The other side
of the specimen is installed with a thermocouple and recorded
by a high-speed camera. It is worth mentioning that a pres-
sure sensor and a temperature sensor are installed at the test
section of wind tunnel to real-time observe the total pressure
and original temperature data, respectively.

Temperature A CFRP sample High-speed

r‘ ; photography

Test section of
wind tunnel

Thermocouple

Quartz window Supersonic airflow

Fiber laser

Fig. 2 — Experimental setup for laser ablation in the
supersonic wind tunnel.

Experimental parameters for wind tunnel test under
different freestream Mach number can be obtained from the
aerodynamic functions
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where P and P, are static pressure and total pressure, T and Ty
are static temperature and total temperature, M is Mach
number, y is ratio of specific heat that is defined as the ratio of
specific heat at constant pressure to specific heat at constant
volume. In consideration of practical applications, it is
assumed that these parameters are based on the 20 km alti-
tude service environment: the static pressure P = 5.46 kPa,
static temperature T = 220 K. The static temperature 220 K is
estimated by the temperature dropping rule of the tropo-
sphere. Using the ground surface temperature as the refer-
ence, the air temperature decreases by 6.5 K Celsius per 1 km
upward. According to the gas dynamics, for air, the value of
the ratio of specific heat y can be set as 1.4. Experimental
parameters can be obtained according to Eq. (1): when Mach
number is set to 1.8, the total temperature is 363 K, and total
pressure is 0.323 MPa; When Mach number is set to 3.0, the
total temperature is 815 K, and total pressure is 1.85 MPa.
Tested parameters for Mach 1.8 and Mach 3.0 are shown in
Fig. 3, which basically agree with preset parameters. The
detailed real-time data of temperature and pressure are

Table 1 — The main mechanical and physical properties of the T700/BA9916 prepreg tapes.

Mechanical Properties (Room temperature) Parameter Physical Properties (Room temperature) Parameter
0°Tensile Strength (MPa) 1489 Epoxy content (wt%) 38+3
0°Tensile Modulus (GPa) 132.8 Epoxy density (g/cm?) 1.3 +0.04
90°Tensile Strength (MPa) 58.5 Carbon fiber density (g/cm?) 1.78 + 0.04
90°Tensile Modulus (GPa) 9.7 Volatile content (%) <15
0°Compressive Strength (MPa) 1005 Epoxy flow content (%) 5-20
0°Compressive Modulus (GPa) 119.8 Porosity (%) <15
90°Compressive Strength (MPa) 200 lamina thickness (mm) 0.15 + 0.015
90°Compressive Modulus (GPa) 9.8

Shear Strength (MPa) 121

Shear Modulus (GPa) 5.3
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Fig. 3 — Experimental parameters in wind tunnel tests for
Mach 1.8 and Mach 3.0 (a) total pressure, (b) total
temperature.

measured by sensors equipped in the test cabin of wind tun-
nel. When the total pressure and total temperature of the free-
stream is nearly stable, the fiber laser is switched on. The flat
head laser beam to the target is 10 mm in diameter, and
irradiated for 4 s. The output laser power is set as 1000 and
2000 W for both Mach 1.8 and Mach 3.0 tests, respectively.

To compare with ablation behaviors of CFRP composites in
supersonic wind tunnel tests, 3 other types of laser ablation
tests were also carried out in different environments, i.e.,
tangential airflow in an open environment (simplified as
“open airflow”), static air environment and static nitrogen
environment. The output laser power is also set as 1000 and
2000 W. A Mach 2 nozzle is designed for the open airflow tests,
and the total temperature is RT. It should be noted that open
airflow is not a strictly ideal experimental condition: it can
hardly provide a constant test section, since it lacks suction
devices; and the static temperature is well below zero, since
the internal energy of pressured gas at RT is converted to ki-
netic energy upon release. Nevertheless, open airflow has
been widely adopted due to the ease of implementation.

It is natural to expect that distinctive ablation patterns
would arise in the specimens under different environments.
For instance, when CFRP laminates are irradiated by laser in

the air environment, matrix decomposition, oxidation of
carbon and fiber sublimation may take place, whereas
oxidation does not occur in nitrogen environment. However,
up to now there are no parallel experimental data available to
compare the ablation behaviors directly or quantitatively.

2.3. Ablation behaviors

After tests, the HIROX three-dimensional microscope (KH-
8700) and scanning electron microscopy (SEM) were used to
observe the ablation behaviors, including ablation morphol-
ogies, ablation depth and ablation volume. The ablation rate,
defined as the ratio of mass loss to virgin mass of laser beam
covered zone (10 mm in diameter), can be also derived. In this
paper, the ablation degree is evaluated individually by the
ablative zone, the ablation depth and the ablative mass. To be
more specific, the ablative zone is measured by the longitu-
dinal and transversal dimensions of the surficial ablation
zone. The ablation depth is defined as the maximum depth of
ablation pit with respect to the origin surface. The ablation
volume is the volume of the ablation pit.

Figs. 4 and 5 are ablation morphologies of CFRP laminates
irradiated by laser power of 1000 and 2000 W respectively,
corresponding to power density of 1274 and 2548 W/cm?. From
Fig. 4a and b as well as Fig. 5a and b, it is seen that in wind
tunnel tests the surface carbon fiber fabric has been elliptically
cut and relative complex morphology appears around the edge
region, but the carbon fibers have not been completely ablated
even though several layers of epoxy have been removed by
laser irradiation. Since the decomposition of epoxy matrix
brings away much of the incident laser energy, the tempera-
ture of irradiated carbon fibers is typically below the sublima-
tion point. The dimension of ablation area in longitudinal
direction (the direction of airflow) is nearly thrice of the radius
of laser beam, mainly dues to the thermomechanical effect
caused by the tangential supersonic airflow. For the specific
case where the total temperature of the airflow is about 815 K
and the Mach is 3.0, the thermomechanical erosion effect plays
a much more important role. Comparison of 3D morphologies
and cross-sectional ablation depths in different environments
also indicates that the supersonic airflow in wind tunnel has
prominent influence on the ablation behavior, especially in
cases of laser power 2000 W. In Fig. 5a and b, it is found that
ablation pits are smoother than those of the other conditions,
due to the mechanical erosion effect of supersonic airflow. In
Fig. 5¢, d and e, the cross-sectional ablation depth fluctuates
violently. Moreover, the average ablation depth in wind tunnel
tests is larger than that of in the other conditions. Figs. 4c and
5c show that the open airflow has little effect on the
morphology of the ablation region. Comparison of Fig. 4d and e,
and Fig. 5d and e, it is shown that the affected ablation region
in the static air environment is larger than that in the static
nitrogen environment, dues to additional oxidation and com-
bustion process in the static air environment. In the nitrogen
environment, when the power density is small, only epoxy in
the firstlayers is ablated, leaving bare fibers in the free surface.
Therefore, the ablation pit is shallow, and cross-sectional
ablation line fluctuates, see Fig. 4e.

For samples tested in the wind tunnel, the ablation area
can be divided into two regions: coupled ablation zone (CAZ)
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Fig. 4 — Ablation morphologies irradiated by laser power 1000 W (power density 1274 W/cm?), from left to right: surface
morphology, 3D morphology and cross-sectional ablation depth (a) wind tunnel of Mach 1.8, (b) wind tunnel of Mach 3.0, (c)
open airflow, (d) static air, and (e) static nitrogen. Here, the red circle depicts the main laser beam area that contributes 90%

to the total energy.

and downstream affected zone (DAZ), as shown in Fig. 6. In
the former, the ablation boundary degradation is mainly
caused by the thermo-chemical effect due to laser and the
mechanical erosion effect due to high-speed airflow. By
contrast, there is no direct laser action on the tail-shape DAZ.
The static pressure acting on the edge behind the ablation pit
(i.e. the demarcation line between the two regions in Fig. 6)
gradually increases with the enlarged ablation depth in CAZ,
till it can break the fibers. Meanwhile, the ablated hot products
heat up the surface at downstream and induce surface matrix
pyrolysis. Since the matrix pyrolysis is surficial, and most of
the broken fibers are still attached to the test sample. Com-
parison of Fig. 4a and b, and Fig. 5a and b, it is also found that
the higher the airflow speed, and the higher the laser power
density, the longer of the DAZ tail.

Quantitative comparisons of laser ablation behavior are
shown in Table 2. Here ablation depth is the maximum depth
of ablation pit with respect to the origin surface. Mass loss is
readily achieved by measuring of specimen mass before and

after experiments. Virgin mass is the mass within laser beam
region, which is accounted for 3.15% of the total specimen
area (10 mm in diameter of laser beam vs. 50 x 50 mm in
dimension of the sample). Ablation rate is one of the most
important parameters to calibrate the ablation behavior of
CFRP composites, and can be obtained from dividing the mass
loss by virgin mass of laser irradiated area.

According to Table 2, laser power density is a key parameter
affecting the ablation behavior. Both the ablation depth and
ablation rate increase with the laser power density. The abla-
tion rate is less than 100% in normal environment. By contrast,
its value can be as high as 166% in wind tunnel environment.
This attributes to the strong mechanical erosion effect by su-
personic airflow, which accelerates the movement of the
ablation front and enlarges the ablation area. As a result, the
ablation rate may be larger than 100%. At the same laser power
density, the ablation depth and ablation rate are larger in cases
of higher Mach number. Comparison of open airflow cases and
wind tunnel tests indicates, the mass ablation rate in the wind
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Fig. 5 — Ablation morphologies irradiated by laser power 2000 W (power density 2548 W/cm?), from left to right: surface
morphology, 3D morphology and cross-sectional ablation depth (a) wind tunnel of Mach 1.8, (b) wind tunnel of Mach 3.0, (c)
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to the total energy.

tunnel is at least twice that of in open airflow. This means,
laser ablation in open airflow, a commonly adopted test
method, cannot replace the laser ablation test in the wind

II. Downstream affected
zone (DAZ)

L. Coupled ablation|
zone (CAZ)

Fig. 6 — The ablation area includes the coupled ablation
zone (CAZ) and the downstream affected zone (DAZ).

tunnel. Table 2 also indicates the laser ablation rate increases
in the order of static nitrogen, open airflow, static air, wind
tunnel of Mach 1.8 and wind tunnel of Mach 3.0, when
compared at the same laser power density.

Fig. 7 gives the SEM view of the ablation region, the sample
is from Mach 1.8 wind tunnel with laser power 1000 W.
Distinct pyrolysis region and unaffected region can be
observed in the image. In the ablation region, epoxy matrix is
nearly completely decomposed, leaving bare fibers almost
unbundled. The enlarged image of ablation region also shows
“needle” shape ablated carbon fibers, indicating sublimation
occurs in carbon fibers. The “needle” shape may be sharp-
ened by the supersonic airflow. Multiple delaminations are
also observed near the back face opposite to the ablation
region. The delamination may occur under the combined
action of reactive pressure of pyrolysis gas and thermal
stresses.
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Table 2 — Quantitative comparisons of laser ablation behaviors.

Environments Power power density

Ablation depth (um)

Mass loss (g) Virgin mass (g) Mass ablation

(W) (W/cm?) Error + 0.1 um Error + 0.001g Error + 0.001g rate (%)
Wind tunnel, 1000 1274 / 0.288 0.281 102
Mach 1.8 2000 2548 1327.6 0.418 0.277 151
Wind tunnel, 1000 1274 / 0.318 0.280 114
Mach 3.0 2000 2548 1565.7 0.458 0.276 166
Open airflow 1000 1274 / 0.070 0.284 24.6
2000 2548 1340.5 0.210 0.286 73.4
Static air 1000 1274 / 0.090 0.287 31.4
2000 2548 1202.9 0.250 0.299 83.6
Static nitrogen 1000 1274 / 0.070 0.294 23.8
2000 2548 1029.4 0.180 0.297 60.6

mm 500 um

50 um

Fig. 7 — SEM view of the ablation region, Mach 1.8 wind tunnel at 1000 W (a) overall view of ablation region, (b) “needle”

shape ablated carbon fibers.

3. Modeling laser ablation behavior
3.1.  Thermomechanical model of CFRP

To model the ablation behavior of laminated CFRP, it is an
important step to determinate the thermophysical and ther-
momechanical properties. These properties are not only
temperature dependent but also heating rate dependent, and
they are significantly affected by the pyrolysis process. In
order to explain the behavior of laser ablation, a complete
multi-scale analysis model has been established in our pre-
vious work [35]. The irregularly distributed meso-pyrolysis
components can be associated with the regularly-distributed
mesoscale model through mapping relations to describe the
content changes of each component in the pyrolysis process.
The pyrolysis kinetics equation of fiber and matrix at high
temperature can be expressed using Arrhenius functions [35].

0 E

e exp( 2 @
¢ n E

SR

where subscripts f and b represent fiber and matrix, respec-
tively; E5 is the apparent energy of activation; J is the pre-
exponential factor; t is the time; Iy is the gasification
coefficient of fiber. R is the universal gas constant; T is the
temperature; n is the reaction order. It should be noted thatJ,

I'r, n, and E, are determined via thermogravimetric analysis
(TGA) experiments on the basis of a complete multi-scale
analysis model. For detailed explanation, please refer to [35].
Here, the values for these parameters used in this paper are
presented at Appendix A.

3.2. Linear ablation models

When subjected to high power laser irradiation, high tem-
perature of 1500—3000 °C occurs in the laminated CFRP, linear
ablation should be considered into the ablation model. And
the total linear rate v, can be decomposed into oxidation rate
Uo, Sublimation rate vg and thermomechanical erosion rate vy,.
The equations are listed in Egs. (4)—(7) [36].
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where p, is the density of the laminated CFRP; M; is the
average molecular mass of the substance i involved in the
oxidation reaction; Mo, is the molecular mass of oxygen; po,w
is the partial pressure of oxygen in the airflow; A; is the pre-
exponential factor of oxidation reaction; «/c, is the heat
transfer coefficient; p; is the gas pressure constant; p, is the
local pressure; is the pressure head of airflow on the ablation
surface; of and o, are the strengths of monofibres in the
longitudinal and perpendicular directions, respectively.

3.3. Heat balance on the ablative surface

To determine the temperature Ty, of laminated CFRP subjected
to laser irradiation and tangential airflow, it is necessary to
take account of processes of heat and mass transfer occurring
on the surface.

Fig. 8 illustrates heat balance on the ablative surface of
laminated CFRP.

As shown in Fig. 7, Sy indicates the instantaneous ablation
boundary due to thermo-chemical effects, which can be ob-
tained from oxidation rate v, and sublimation rate vs. Sy, in-
dicates the ablation boundary due to mechanical erosion
effects, which can be obtained from thermomechanical
erosion rate v,,. And the net conduction heat flux can be ob-
tained from thermal equilibrium in the ablation boundary

oT
*/‘{% = aqlaser - qrad - QCunv + qoxi - qdeg - qphas (8)

where « is absorption coefficient, gser is the heat flux of laser,

Qrads Geonvs Goxi, Qdeg, aNd Gphas are heat flux due to surface ra-

diation, convection between composites and airflow, oxida-

tion of matrix and fiber, decomposition and pyrolysis of

composite, and phase change and sublimation, respectively.
According to the radiation law

Graa =0 (T, —To) ©

where ¢ is the emissivity of the ablation surface, o is
Stefan—Boltzmann constant, Ty, is the ablation surface tem-
perature of composite and T, is the environment airflow
temperature.

According to the Newton's cooling law

conv = hy (Tw —To) (10)

where h, is the coefficient of convective heat transfer.
Compared with laser heat flux, qeonv is at least two orders
smaller, and can be neglected in this analysis.

Heat flux due to pyrolysis degradation is

Deon Qaser  Daa Dphas
airflow
_——

7 aeg

---- S, thermal ablation boundary

o

on == §,, mechanical erosion boundary

— 5, actual ablation boundary

Fig. 8 — Heat transfer boundary conditions of laminated
CFRP subjected to laser irradiation and tangential airflow.

om N
Qo= Qo gy v<¢gpg 7 g> -Vh, (12)

T
hy = Jpgcng: pyCy(T—To) (12)

To

where Qp is the endothermic heat of degradation from the unit
mass of the composite. The second part is the convective heat
taken away by pyrolysis gas. V is the volume of the composite,
hy is the enthalpy of the pyrolysis gas, p, is the density of the
pyrolysis gas, 7', is the velocity vector of the gas flow, ¢, is the
specific heat of the pyrolysis gas.

For the heat flux due to oxidization ¢, there are the
following oxidization reactions

2C+0, = 2CO
C+0,=C0, (13)
C+CO, = 2CO

Heat flux due to oxidization is therefore obtained by
counting the heat generation of a global reaction.

Qoxi = CbefAHbef - CaftAHaft (14)

where C; is the mass concentration of the component, AH; is
the enthalpy of components.

Energy is dissipated during phase change process, and heat
flux due to phase change is

Ts

qphas = Zmi J CidT (15)
T

-s

where m; is the mass of components occurring phase changes,
¢; is the specific heat of corresponding components. In this
paper, the phase change processes of the pyrolytic residual
char and carbon fibers are mainly considered.

3.4. Thermal ablation process and reaction heats

To model the thermal ablation behavior of CFRP, one needs to
obtain the detailed ablation process and reaction heats.
Thermal gravimetry (TG) and differential scanning calorim-
etry (DSC) tests in nitrogen environment and air environment
at a heating rate of 25 °C/min were performed, as shown in
Fig. 9. From Fig. 9a, three stages of thermal decomposition in a
nitrogen environment can be identified: dehydration stage
below 300 °C, pyrolysis stage of epoxy matrix from 300 to
700 °C, and sufficient decomposition stage above 700 °C. In the
second stage, a clear mass-loss valley can be observed from
DTG (differential of TG, by temperature). In contrast, complex
behavior of thermal decomposition in an oxidation environ-
ment are observed, see Fig. 9b. There are several valleys and
peaks in DSC curve, due to the endothermic reaction of py-
rolysis and the exothermic reaction of oxidation, respectively.
The exothermic reaction peak around 580 °C indicates resid-
ual char produced by pyrolysis epoxy is oxidized in the air.
The peak around 823 °C attributes to the oxidation of carbon
fibers.

Due to the limitation of TG tests, thermal decomposition of
CFRP composites at higher temperature range and higher
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Fig. 9 — Thermal analysis of CFRP composites at different
environments (a) nitrogen environment, (b) air
environment.

heating rate that is comparable to laser irradiation is not
available. According to Fig. 7, sublimation of carbon fibers
occurred during the process of laser irradiation. As illustrated
by [37], the temperature at which sublimation of carbon fibers
occurred is set to 3300 °C. He et al. [37] carried out laser irra-
diation experiments on carbon fiber reinforced composites in
the subsonic airflow environment. The research found that
when the temperature of ablation zone reaches 3300 °C, car-
bon fibers produce sublimation. Therefore, the whole ablation
process of CFRP composites is displayed in Table 3. It describes
the details of series reactions and reaction materials, and this
ablation process is helpful to build the numerical model.

Reaction heat of the pyrolysis and oxidation process needs
to be calibrated by DSC results in Fig. 10 [38—40]. The endo-
thermic heat Q during the degradation process, corresponding
to the shadow region in DSC curve of nitrogen environment in
Fig. 10, can be obtain by integration with respect of the base-
line indicated in the figure, namely.

—Exothermic

—_
o
L

Y
S
X

dQ/dt (mW/mg)
&
<

— Nitrogen
— Air

S
S
L

&
S
X

400 600 800 1000

Temperature (°C)

200

Fig. 10 — DSC analysis of CFRP in nitrogen and air
environments to obtain pyrolysis heat and oxidation heat.

ta

_[[4Q
Q= J(E—BL>dt

t

(16)

where BL is the linear baseline temperature function. The
calculated value of endothermic heat is —7.37 kJ/g, where
minus sign stands for absorbing heat. Similarly, the
exothermic heat by oxidation can be calculated by integration
of the enclosed area between two DSC curves in air and ni-
trogen. Based on the DSC data, the value of exothermic heat is
20.9 kJ/g.

3.5. Coupled thermal-fluid-solid analysis

A coupled thermal-fluid-solid analysis integrating thermo-
mechanical model in section 3.1 and linear ablation model in
section 3.2 for CFRP is performed. The solver of computational
fluid dynamics (CFD) and the solver of computational solid
dynamics (CSD) are used to solve the partition problem inde-
pendently, and coupling analysis is realized by controlling the
data transfer on the fluid-solid boundary. In each time step,
the boundary movement of each node caused by linear abla-
tion is calculated by Eq. (4), and deformed meshes are adjusted
by radial basis function (RBF). Iterative partitioned solution
method needs to interleave solving each single field problem
several times, until the equilibrium condition is satisfied, and
then proceeds to the next time step calculation. Conserva-
tions and continuities of all physical quantities transferred at
the fluid-solid interface (FSI) are strictly guaranteed, including
temperature, heat flow and deformation. In a time step, the
fluid field transfers the aerodynamic heat flow and

Table 3 — Thermochemical ablation processes of CFRP composites.

Time series Temperature (°C) Processes Reaction material Reaction heat (kJ/g)
To 20 Heating Epoxy and carbon fibers

T, 300 Pyrolysis Epoxy —7.37

T, 580 Oxidation Residual char 20.9

Ts 823 Oxidation Carbon fibers

Ty 3300

Phase transition

Carbon fibers
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aerodynamic pressure through FSI to the structure field, and
the structure field transfers the temperature and deformation
through FSI to the fluid field.

There are some simplifications in the calculation, and
only CAZ is considered. According to Fig. 6, most of the
broken fibers are still attached to the test sample, therefore,
mass loss in the DAZ is small. The ignorance of mechanical
erosion effect in the DAZ in the simulation also dues to
another two reasons. On the one hand, according to high-
speed flow theory, the flow field in DAZ has no influence on
the LAZ, i.e., it does not affect the ablation depth. On the
other hand, this calculation is a coupled thermal-fluid-solid
analysis, the mesh of flow field cannot be generated when
CFRP is delaminated.

3.6. Numerical results and discussions

The numerical results are shown in the Figs. 11 and 12. And
the initial parameters are given in Appendix A. Table 1A.
Fig. 11a and b are the comparison of ablation profiles between
numerical simulation and experimental result. Simulation
results are in good agreement with experimental results. And
Fig. 11c gives the ablation profiles on the center line of laser
spot at different times. When the laser irradiation time (LIT) is
between 0.8 and 2.4 s, the ablation depth significantly

increases. When the LIT is more than 2.4 s, the ablation rate
begins to decrease significantly. And the final ablation depth
of the simulation is 1.296 mm, and the experimental result is
1.328 mm.

Fig. 12 gives the ablation depth of each ablation mecha-
nisms at the center Pc and behind Py (see Fig. 11c) of the
ablation pit. As shown in Fig. 12a, the contribution of the
sublimation to the total depth is the maximum and equal to
71% and the thermomechanical erosion is 29% when the LIT is
shorter than 1.20 s. The matrix has been pyrolyzed and the
pyrolytic carbon and fiber start to oxidize due to the heat
conduction before the ablation pit degradation when LIT is
between 1.20 and 2.24 s, and therefore the contribution of the
oxidation increases to the 15.6—26.5%. The contribution of
oxidation is decrease when the matrix pyrolysis is completed.
When the LIT is 2.40 s, the contribution of the thermo-
mechanical erosion decreases as a result of the significant
decrease of the pressure head px-. The total ablation depth is
1.296 mm, in which the sublimation depth is 0.704 mm, the
oxidation depth is 0.278 mm and the themomechanical
erosion depth is 0.314 mm.

Fig. 12b show the contribution of the thermomechanical
erosion is 70.4% and the oxidation is 29.6% when the LIT is
1.2 s. The temperature of Py is much lower than that of Pc
(3000 K), the contribution of the sublimation is zero. When the
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Fig. 11 — Laser ablation for 4 s at Ma 1.8 and 2000W (a) Experimental ablation morphology, (b) Numerical ablation
morphology, (c) Comparison of cross-sectional ablation profile.
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LIT is between 1.28 and 2.24 s, the ablation rate of the ther-
momechanical erosion increases with the increase of pres-
sure head ps~. The pressure head of Py is significantly larger,
at least twice of the P- The contribution of the thermo-
mechanical erosion is dominant at the behind edge of laser
pit. Finally, the total ablation depth of Py is 0.255 mm, which is
composed of the contribution of sublimation is 0.062 mm, the
contribution of oxidation is 0.035 mm and the contribution of
thermomechanical erosion is 0.158 mm.

4, Conclusions

The ablation behavior of laminated CFRP composite subject to
high power laser irradiation in supersonic wind tunnel is
investigated experimentally. The ablation rate increases with
laser power density and Mach number. To compare the
ablation behavior, laser ablation tests in 3 other environments
are also carried out. It is found that the ablation rate of wind
tunnel tests is at least twice that of the other conventional
tests. This means, the thermomechanical erosion due to the
tangential supersonic airflow play a significant role in the
laser ablation process. The laser ablation rate increases in the
order of static nitrogen, open airflow, static air, wind tunnel of
Mach 1.8 and wind tunnel of Mach 3.0, when irradiated for 4 s
by the same laser power density. Laser ablation mechanisms
in supersonic wind tunnel tests can be classified into two
categories, thermochemical effects and thermomechanical
erosion. The former includes pyrolysis, oxidation and subli-
mation. The latter is a comprehensive effect due to the ve-
locity of airflow, the pressure head of airflow, internal gas
pressure and thermal expansion. Because of the different
mechanisms, the ablation area can be divided into two re-
gions: the coupled ablation zone (CAZ) and the downstream
affected zone (DAZ). Although it seems that broken fiber
caused by mechanical erosion is serious in DAZ, but this re-
gion has little influence on the ablation mass and the ablation
depth. A coupled thermal-fluid-solid analysis revealed that
the contribution of each laser mechanisms is distinctive at the
different positions of the laser pit. The sublimation dominates
the ablation depth at the center of laser pit, and it is equal to
54.32%. However, at the behind of laser pit, the contribution of

the thermomechanical erosion is the maximum and equal to
61.96%.
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Appendix A. The initial parameters of laminated
CFRP

Table 1A — The input parameters in the coupled thermal-fluid-solid analysis.

No Symbol Implication Unit (mm) Value
1 Pb The density of matrix ton-mm 3 1.2E-9
2 Eap The activation energy of matrix mJ-ton~* 1.75E5
3 Job The pre-exponential factor of matrix ton-mm 3.s7? 6E-6

4 # The concentration of matrix None 0.97

5 kvo The conductivity of matrix mW-mm K ! 0.35

6 Cpbo The specific heat of matrix mJ-ton *-K ! 1.2E9

7 Pp The density of pyrolytic carbon ton-mm 3 2E-9

8 ¢g The concentration of pyrolytic carbon None 0

9 Rpo The conductivity of pyrolytic carbon mW-mm 1K ! 5

10 Copo The specific heat of pyrolytic carbon mJ-ton *-K?! 6E8

11 Qp The reaction heat of the pyrolysis mJ-ton ! 7.37E12
12 of The density of carbon fiber ton-mm—> 2.5E-9

(continued on next page)


https://doi.org/10.1016/j.jmrt.2021.07.101
https://doi.org/10.1016/j.jmrt.2021.07.101

1996

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;14:1985-1997

Table 1A — (continued)

No. Symbol Implication Unit (mm) Value

13 Eas The activation energy of carbon fiber mj-ton~?! 2E5

14 Jos The pre-exponential factor of carbon fiber ton-mm—>-s7? 4.2E-6

15 Iy The gasification coefficient of carbon fiber None 0.1

16 qb}) The concentration of carbon fiber None 1

17 Rpo The conductivity of carbon fiber mW-mm*.K? 42

18 Cpbo The specific heat of carbon fiber mJ-ton *-K?! 8.9E8

19 ol The density of crystalline phase ton-mm 3 2.5E-11

20 @ The concentration of crystalline phase None 0

21 ki The conductivity of crystalline phase mW-mm K 42

22 Cplo The specific heat of crystalline phase mJ-ton *-K?! 8.9E8

23 B The initial volume percent of matrix None 0.38

24 % The initial volume percent of carbon fiber None 0.62

25 Eas The activation energy of the sublimation reaction mJj-ton~?! 2.04E5

27 A; The pre-exponential multiplier of the oxidation action ton-mm—3-s7* 5E-10

28 Eai The activation energy of the oxidation reaction mJj-ton~?! 2.51E4

31 })9 The pre-exponential multiplier of the thermomechanical erosion ton-mm—3-s7* 5.4E-10

33 a5, 0f1 The strengths of carbon fiber in the longitudinal and perpendicular MPa 2200, 220
directions, respectively

34 Eaft The activation energy of the thermomechanical erosion mJj-ton?! 5.82F4

35 n the reaction order None 3

36 ¥ the ratio of specific heat None 1.4
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