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Abstract

The relative significance of thermal stresses as a las-

er heating damage mechanism is assessed by comparison with

the damage mechanisms of melting and thermal degradation of

structural stréngth properties. The limiting cases of one-

dimensional axial and one-dimensicral radial heat flux in

a thin target. plate whose plane is normal to the axis of a
stationary, axially symmatri; heat source, are investigated.
A onc-di&ensional radia} heat conduction numeriéal model of
the linear thermoeiastié stress field including the effects'
of melting gnd structural failure is developed. Residual
tensile strength and damage size are presented as functions

of the laser beam and target plate parameters.
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THERMAL STRESSES AS A
LASER HEATING DAMAGE MECHANISM

I. Introduction

The advent of the laser with its inherent potential
capability of deposit%ng very high intensity energy on a
target has generated interest in possible applications of
laser energy to cause structural damage to a target. This
thesis presents the results of a study to assess the signif-
icance of 1  ser induced thermal stresses as a damage mech-
anism in a metal target by compaxison with the damage mech-
anisms of melting ;nd thermal degradation of structural
properties.

t

Statement of the Problem

The objective of .this study is to determine whether
‘thermal stresses are an efficient mechanism for causing

structural damage to metal targets relative to the other

laser heating induced damace sources of melting and thermal
degradation of structural prépeities. The study is analyt
“ical and based primarily oﬁ'the appiication of theoretical

heat conduct%pn and linear elanticlty. A major gosal is to
dcvolop analysis ﬁrocedufis which are t@latively,simplo %0
apply (i.e., vﬂlch 4o “not.’ roquirq the use of 1arqe. expen-

»
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sive to apply, computer programs) so that the procedures may

e ¥ -

(‘, be used to obtain rapid estimates of laser heating induced 3

thermal stress fields under varying conditions.

Significance of the Proktlem

Most of the studies of laser heating damage conducted
thus far have Peen experimental and concerned with target
; melting and/or material property degradation (Ref 12-18, 25, !
| 30, 31). No known unclassified studies have been made to i
determine quantitatively the relative importance of thermal
| stresses as a source of damaging target materials. Thermal
| stresses are of interest because of the possibility that
significant structural damage can be induced for lower laser i

beam power or peak intensities than for the other two damage

sources under consideration. A need exists for an analyt- 4

ical procedure to rapidly assess the relative severity of

damage to be induced by thermal stresses, melting, and ]
thermal degradation in metal targets as functions of laser

and target par;hetera. Experiments to obtain similar data,

particularly concernigéﬁthgrmal stresses, can be expected

to provide only minimal data in the near future because of

} ‘ the cost and time required to conduct sufficient tests over

.+ the wide range of parametetrs ot im:ex:'ezst:.l and due to the
df?ficulty in adequataly instrument;nq numerous target spec-
H;monn to obtain accurata thermal stress data. An analytical
+ moded thus could serve to’ provido such information in lieu.
O ~ of oxpeximenta and as a guide t& planning efficient experi-
| ‘ menta,in the futute.

A%




Physics of Heating Metals
by Laser Radiation

The following description of the physical process by
which laser light radiation is converted to heat energy in
a metal target is adapted from Ref 1:2-7. When a laser
beam is directed at a metal target, only a fraction of the
initial beam energy is absorbed by the metal. A portion of
the initial energy which is in the form of phctons may be
attenuated by the intervening medium, usually air. A large
fraction of the phctons incident on the metal target may be
reflected. For the prﬁblem of interest, the assumptions are
made that the photons absorbed by thé metal are converted to
heat essentially instantaneously and within a very thin layer
(relative to the target thickness) at the surface of the
metal. These assumptions have been shown to be valid for
aircraft.structural metals (aluminum, steel, titanium, mag-
nesium) irradiated by continuous wave lasers (Ref 1:3-~5),

Following the conversion of the 1igh£ energy to thermal
energy, heat is transferred from the metal surface by four
mechanisms. The only one of these mechanisms to be consider-
ed~in the present atudy is that of heat conduction within
the metal. The three mechanisms being neglected here are
radiation from the metal surface, convection in the adjacent
mediun, and removal by gravity or airflow of any melted
(l1iquid) portion of the metal. Only the latter mechanism
(melt remcoval) affects a comparison of the relative signif-
icance of the damage modes of interest., The efficiency of

the melting mechanism obviously is dcpendent on the bzhavior
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of the melt at the metal surface. For this study, the
assumption is made that any melt formed is removed instan-
tancously by an unspecified mechanism s0 that the most ef-
ficient mode of the melting mechanism is consi&ered. Studies

of melt removal are contained in References 1, 22, 23, 25, 31.

Scope of Study

Limiting cases of laser heating induced damage were
studied by considering the limiting heat conduction cases
of one-dimensional axial (through-the-thickness) and one-
dimensioqgl radial conduction. The study is theoretical,
based on the quasi-static, uncoupled thermoelasticity theory.
The problem is that of a finite, stationary heat source aor-
mally incident at the center of a large, thin plate. The
plate material is assumed to be a homogeneous, isotropic,
linearly elastic material. The plate material properties
are assumed to be temperature independent with the excep-
tion of the strength properties. Heat losses to all sources
are neglected,

For the axial heat conduction problem, analytical solu-
tiorns are applied to obtain temperature distributions for
input to the thermal stress problem. Numerical integration
of the thermoelasticity equations ii used to obtain the ther-
mal stress distributions. For the radial heat conduction
case, a numerical model of the heat flux based on the
Fourier heat conduction equation is applied.

Melting and thermal degradation of the plate material

A b 6 e va
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structural properties are modeled for comparison with ther-
mal stresses as damage mechanisms. Damage due to the com-
bined effects of these mechanisms is also considered.

Measures of plate damage used are residual tensile strength

and material failure.




II. Outline of Study

LIPS I e 26 tac il

The primary objective of this effort was to deturmine

o

the relative efficiency of thernal stresses 25 a damage mech-
anisin due to heating a target material with a stationary con-

tinuous wave (CW) laser beam. The problem basicallv ccnsists

AT Lo veta [y

of applying the concepts of both heat transfer and thermo-

elasticity. In the basic theory for describing, mathemati-

3 cally, the behavior of elastic, isotropic solid media under
the combined action of heating and external loading, the
problem i3 one of a coupled thermal/mechanical boundary

! value éroblem (Ref 5:3). For most applications, useful

P (;) solutions to the problem require that certain simplifica-

tions be made to the coupled theory. The usual simplifi-

cations result in eliminating the thermal/mechanical cou-

| pling and inertia terms. Elimiration of the coupling be-

l tween mechanical and thermal effects enables the thermo-
dynamic and mechanical parts of the problem to be analyzed

| . separately. If the inertia effects are negligible, the

i . mechanical part of the problem reduces to one of static
thermoelasticity. '

) The subject study began with an investigation to deter~
rine a suitabls form of the th&;mal/mechanical theory for
the present ipplication, as discussed in Section IIXI. Solu-
tions to the th;rual and mechanical cquati?ns ware then

(j) investigated to describe the helht transfer dnd thermal




stress fields for the specific problem at hand, lascr beam

e ’—«.Wom‘mw*. .

(- heating of thin plates. The models thus developrd are dis-
cussed in Sections IV and V. Section VI descrilkes the models

used to characterize the melting and thermal decradation

mechanisms for comparisons with the thermal stress damage

g cw— -

source. Section VII contains the analysis of the damage
mechanisms, input parameter sensitivity and relative effi-
ciencies based on the one-dimaensional axial and radial heat

conduction models. Study results and conclusiors are pre-

oy s

gented in Section VIII.

Appendix A is a listing of the one-dimensional radial
flux numerical model developed as part of the =tudy. A
sample output listing is given follcwing the program lisc-

ing. Appendix B describes the algorithms usel in the radial

flux numerical code. Apperdix C presents the :nalysis con-

Pk ST

ducted to validate the radial flux code.

‘ The damage effects of laser heating were d- .ermined for
!
the ranges of laeer beam and target parameters lisced below.

1. Absorbed laser beam powers up to a-ouvt 30,000
joulgs/sec

.
2. Laser beam diameters between 5 and 15 cm.
3. Target plate thicknesses of 0.1 to 0.65 cnm.

4. Large plate diameters relative to beam diameter

|
|
%
fg

A single target naterial ﬁai:conaidered, 2024~-T3 aluminum,

with a conatanQ"abaorptiyity of b.s. The target plate was

assumed to be heated in the absence of external mechanical
loading. |

. )
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I1IXI. Theory Development

This background discussion of the fundamental mathemati-
cal theory for the behavior of a homogeneous, isotropic,
elastic solid under the combined action of heat and e~xternal
loading is adapted from Ref 5. This behavior is uniquely
describel by the following four equations together with

proper initial and boundary conditions:

KT,34 = pCET+(3A+2u)aTyéxx (1)
O3jrq ™ pily (2)
€44 ™ %(“i'j+“j'i’ (2)
O34 = Adijekk+2veij-(31+2u)u6ij(T-To) (4)

where
k = thermal conductivity
T = temperature {absolute)

T. = reference temperature (absolute) at which
material is stress free

p = material density

cp = specific heat at constant deformation
VvE

A = Lame constant = T (=T

U = Lame constant = G
v = Poisson's ratio
E = Young's modulus

G = shear modulus

-
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= linear strain

s

0 = gtress
u = displacement
a = coefficient of thermal expansion
=1 if i=j
614 = Kronecker delta { .
= 0 if i¥j
Indicial notation (Ref 7:24-27) is used here for brevity,
however familiarity with this notation is not necessary for
understanding the material which follows. A brief outline
of the notation is given here to clarify the subsequent
discussibn.

Subscript indices are used to refer to the three rec-
tanqular cartesian coordinate axes. The range of each index
is therefore three. For example, the three coordinate axes
X3, X, X3 Can be expressed as x; where i takes on the values
1,2,3. An indicial equation with a single index on each
term then represents three equations. A summation convention
is employed where repeated indices in a term imply summation
over the range of the repcated index. A comma between in-

dices denotes partial differentiation with respect to one

of the coordinates, i.e.

ot

Returning to the subject equations, the first equation
is the energy equatiocn for the linear thermoelastic theory.
Equation (2) represents the equations of moticn which reduce

to the static equilibrium equations of slasticity theory

ya Ko e Ly
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when the inertia term, oiij, is zero. Equation (3) is the
strain~displacement relationship and equation (4) is the
stress-strain or constitutive equation for an isotropic
solid.

The boundary value problem governed by these equations
iz very difficult to solve in general (Ref 5:41). Fror most
engineering applications, two simplifying assumptions are
made which reduce the problem to one in which the heat con-
duction and thermoelasticity equations are not coupled.
This allows the two separate problems to be solved indepen-
dently. The two simplifications are that the thermal/me-
chanical coupling defined by equation (1) and the inertia
term (pii;) in equation (2) may be neglected. Using the
terminology in Ref 5, the basic theory represented by equa-
tions (1) through (4) is called the coupled theory; neglec-
ting the strain rate term (&xyx) in equation (1) results in
the unéouptad theory; and neglecting both the strain rate

and inertia terus produces the uncoupled quasi-static theory.

‘Whether either or both of these simplifications are appro-

priate to the present study is the subject of the remaining
discussion in this section.

A review of the mathematical problem quickly led to
the conclusion that only the uncoupled quasi-static theory
presented reasonable expectation for a successful applica-
tion to the subject problem within the temporal constraints
existing. Hence, the studies described herein are based on

that theccy. However, the implications on the results of

10
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neglecting the inertcia effectc may be significant. It is
shown in (Ref 5:43) that for most metals (and particularly
for aluminum which is of prime interest for this study) the
mechanical coupling term (strain rate term, ékk’ in equation
(1) is negligible if

E%— << 60 (6)

aT
An intuitive argument is used to indicate that the stcain
rate should be of .the sanme order of magnitude as the time
rate of change of the temperature if there are no sharp vari-
ations in the temperature time hiscories. Since the strain
rates are related directly to displacement time histories,
the question of whether mechanical coupling is negligible
is related to the magnitude of the inertia effects.

It is further concluded (Ref 5:50) that the mechanical
coupling and inertia terms are negligible if the rate of
heat application is not too great. Quantitativz '. its on
the application of the uncoupled, quasi-static tl: - :y must
be determined for each problem of interest. Based on a
review of example analyses (Ref 5:339, 406) it was decided

L

that such an analysis wes beyvond the scope of the present
study. B&wever. it is prebable that for at least the higherx
hnating'ratek ond shoctee times of intercx? i ¢he present
study, the use-of the uacoupled pmasli-cisuise tasovy {s
éuestionable and %hcalﬁ ey the subject of & subianuent

study of laser boaw ounorased tharmal sltrasses.

13
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Iv. Thermal Models

The basic situation to be modeled is that of a statior-
ary laser beam normally incident on a {lat plate. The

incident beam is considered to be axially symmetric so that

only heat flux in the axial and radial directions occurs.

, That is, the heat “lux is assumed to be two-dimensional in

cylindrical coordinates with no heat transfer in the circum-

ferential direction. The effects of the medium between the

i larzr beam source and the plate are not included as these
9ffects do not coatribute to the physical processes of
interest for this study. The concern of this study beoins

( ‘ with the incidence of the beam energy on the plate rarface.

Attempts were made tc obtain a closed form solution to

’ the problem without success. Various approximate solutions
are given in Ref 4, some of which are discussed and applied
in this study. Other approximate solutions and methods
(Ref 26-29) were reviewed but all involve computational
difficulties or complexities which are contrary to the
] . objective cf obtaining solutions that are relatively simple
to apply.

To“present readily tractable problems for the subsequent
stress analyses, the: hgat transfer problem was.restricted to
modeling the two limiting cases of axial and radial flux

separately. A one-dimensional axial flux model was developed

for application to cases of relatively short heating times

12




and/or thick plates. The other limiting case associated

( with long heating times and thin plates is thermally modeled
by a one-dimensional numerical radial heat flux model. As
discussed in Section VII, quantitative definitions of these
bounding conditions were to be obtained from NASTRAN (NASA
Structural Analysis), (Ref 2) a large finite element program
developed by the National Aeronautics and Space Administra-
tion (NASA). This goal «as not achieved completely because
of the fairly excessive amcurt of time required to run all

of the cases necessary to determine the combinations of

SR UYF AP TR WP sy e venrs » e T et Ce g IR ENSIPERRRETE L T SRR S ey E

heating rates, heating times and plate thicknesses which

could be modeled accurately by either an axial o: radial
flux model.

The effects of heat losses from the heated plate, re-

v gardless of the mechanism, also have been neglected in the

;
b
¥
{

present study in that they are not expected to have suffi-

| cient impact on the results to justify the additional com-~
plexity of including realistic radiation and convection loss

conditions.

Incident Flux Models

In general, the spatial distribution of the incident
beam is represented as a Gaussian c¢istribution thch is gen-
erally accepted /s being representative in analytical studies
of laser heatiry effectso(nef 3:13, 75). A uniformly dis-
tributed beam was considered in the axial flux cases to

O simplyfy the st.'esv analysis. PFor the Gaussian beam the

1




heat flux density absorbed at the plate surface is given by

-r? /202

I(x) = Ina® (7)

where Ipa i8 the peak absorbed flux density at the beam axis,
r is the radial distance from the beam axis and ¢ is the

standard deviation. It is convenient to define the beam

radius as

a= 2¢ (8)

Therefore, the flux density becomes

~2r2/a?
I({r) = Ipae (9)

where for a'Gaussian distribution 86.5% of the beam energy
is contained within the beam diameter(2a). The total absor-

bed power under a Gaussian beam is given by .

, w ~xr?/20?
Py =211, J xe ar (10)
Py 2nIpaa’ . (11)
2Pa (12)

'pa * ot

The portion of the incident beam power (Py) whiclr is absof-
bed at the plate surface is given by the absorptivity

o) = 3 | (3

3 : R sty g G DT B IR SVL NORIRY . O LT . W O
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Hence,

*

. 204P \
) ¢ = 174 * i‘
pa wal (14)
-21"/4;z A
and 1) = 2204, T (15)
\ na

&

Heat Coﬂduction Models »

The purpose of the heat conduction models is to deter-~
mine temperature distributions to which thermal stress, mel-
ting, and thermal degradatien models may be applied. Ana}yt-‘
-ical modelshfbr various classes of axial heat ¥flux conditions
were investigated and a numericalﬂfini;e thermal ;lemegt

%

model was applied for the radial flux case.

a2

Axial Heat Flux Models. Analytical temperature dis-
tribution models are presented as solutions to the differ-
ential equation of heat conduction in an isotropic solid

{
(Ref 4:10):

3T
c
i Tl

ok () oo

Rir3

(a )+ax(a

wﬂa .
<

where

- matérial density
- iﬁocific heat

- ecupefiiuro

= time N
- thoxﬁa! conductivxtf v

%

Q > o W A ©

= rate of hcaé‘qgtn per unit volume

5 ,
12 - _




For homogeneous solids such that thermal conductivity does
not vary with position, the heat conduction equation ra-
duces to

kV2T * %E - %% (17)

wberg

k = k/pc = thermal éiffuﬁivity
V = Laplacian operator

S ) 4

2 o, 33T, 32T . a2p

2 %

. L
1 §

Isotrépic, homoge?eous solids wore the, nnly type considered
in this study. . An additional restriction applied throughout
the heat transfer annlyses iz that the material heat trans-~
ter properties are not :ﬁnctions ‘of telperature. The jus-
tification for this réktriction is that the complexities
introduced into the analyses by including variable thermal
proparties were not bslieved to. be necessary for this
initial study.

) CIbiqﬂ form analy.ical solutions for several one-dimen-
sional axial héat flux cases were reviewed for possible ap~
plication. Poxr the cuse of a semi~infinite solid with uni-
form flux into one surface and insulated on the opposite
aurfacc, as shown in m, following sketch, the temperature

. &istribution is given by (Ref 41112)

La

R T B “ e e [ v b
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bt 9,(322 - 22)
pok ¥ 43

20,8 » -ktnint/e?
= Yk ("") e (19)

- === [ i3 oo
kn? n=1 N s

where

¢, = absorbed heat flux density

To = initial uniform temperature throughout slab

For thermally thin plates or long enough heatiig times such
that xt/4% > 1, the series term becomes negiigibly smal).

and the thermal model reduces to

¢
T(z,t) = Ty = Eﬁi(s‘t + 3z% - 12) (20)

Applications of these models tuo the general problem of laser

peatinq of s0lid plates is kiaouased in Section VII.

Radial Heat Flux undel, rdi f;latively low heating
rates and thin target plates the heat flux might be expected
to become e:aehé@ai;y radial after soms initia; pexiod in
which the flux is primr&lyiaxiai igd the ‘piatia volume under

s

R
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the beam Lecomes heated to an essentially uniform tempera-
ture through-the-thickness. OAe-dimensianal radial flux
develops a plane stress state which is particularly amenable
to analysis, as discussed ir Section V. Por this case, a
numerical finite thermal element model was developed. The
numerical model also allows the Gaussian beam profile to be
congidered. Pigure 1 is a schematic illustration of the
numerical model which is obtained by dividing the plate into
concentric cylindrical elements.

The numerical model is used to solve the Fourier heat

conduction equation for each element:
. ge = -k%% (21)
wheré

4o = rate of heat flux per unit area

Heat is transferred between any two points in a sulid body
only by conduction and equation (21) is the law of heat con-
duction for isotropic bodies (Ref 5:137). A finite differ-
ence version of equation (21) is applied to the heat flow
between adjacent concentrio elements as indicated in the

following sketch:

-}rom 1)
X I+)

L
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vhere Q = q.A = total flux into element (I + 1) i
1

Hence, applying equation (21) at the interface hetween two

elements

I+1) [k(r t)+ k(] [T - 7+ 1))
1

o

/// [Ar(I +1% + Ar(I) (22)

vwhere

A(I + 1) = 23RS . ﬂ
R = inner radius of element (I + 1)

2 = plate thickness

The conductivity and incremental radius terms in brackets
represent averages of the respective quantities taken be-
tween the two elements.

For the present study, the concentric cylinders all
have the same width (Ar = constant) and the thermal con-
ductivity is assumed to be independent of position and
temperature. Thus equation (22) reduces to

Q(X + 1) = k{T(I) ~ T(I + 1)]12wRR/Ar (23)
or, in FORTRAN code

QIN(I + )) = COND*(TEMP(I)
~TEMP(I + 1)) *2*PI'RAEL/DELR (24)

The temperature of each t}énonk is determined by itera-
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tion o§er small time increments of an energy balance equa-

tion for each element, as indicated in the following sketch.

QABS (I)

S -
QIN(I)—» -},ooorm

4

QABS(I) = heat energy absorbed into element (I)
per unit time

QOUT(I) = QIN(I + 1)

Hence, the net increase in heat energy per unit time is

|

QABS(I) +-QIN(X) ~ QIN(I + 1}

.This increase in heat energy results in a corresponding

increase in the internal heat energy of the element. As-
=aming\*’n£tant density anﬁ specific hedt, the incremental
199:0&&0 in internal h;at energy per unit volume is given
by peggﬂf Henoe’, th.dfnotgy bflanca gives . ’

’

g

QABS(I) + QIN(I) ='QIN(I + 1)

o i uvnno*cﬁ’avomnmtwm/vm st (28)
. ’ ! R h ” - ) 2 ™ ‘1‘ | 0 ¢
vhere d e . -
" MRO = p = density . -
CP = & = gprcificheat - R
. ARV e
. ® . * ! b ‘
S ’ wg . *‘ *
21.

-
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DELTEHY (I) = AT = change of temperature in time
increment At

DELT = At = time increnept

VOL = volume of element (I) = PI+ELs
(2¢I ~ 1) +DELR##2

+

This may be expressed as -

DELTEMP (I) = TEMP(I), - TEMP(I), (26)

shere .

fBHP(I); = current temperature of element (i)
" TEMP(I), = previous iemperature of element (I)

¥

Hence, equation (25) may be solved for ;h; current tempera-
turd: ’ ) M
TEMP (1), = TEMP(I), + DELT»(QIN(I) + QABS(I)
~QIN(I ¢ 1))/(CPeRHOSPI+EL# (241 ~ 1)« _
| . DELRE2) . . . (@

£

Equations (24) and 627) are solved for each thermal element
" at each tims‘incremént"to give the r;dial flux temperature
© distribution.” This model is 8ubroutino TEMPRAD in the
TSTRESS ‘progran iisted in Appendix A.

79 maintain heat flow ntability in such &ﬁnumnnical,
incrtncntal time model, tho time incremant must be kept he-
low & certain limit. If the time increnent becomes large

4 aneuqh, ‘suficient heat uoulﬂ flow betweed adjacent elements
to cause the tonpc:atu:n o! thn Lntg}ally cooler element to

DELTEMP is the incremental temperature change in element (I).

b

ABANE

A




become larger than the initially hotter element causirng the
.heat flow to become reversed. To maintain heat flow stabil-
ity the computational time increment for the one-dimensional

radial flux model must be restricted to (Ref 6:12)

Ar?

<

At < > (28)
As 2 check and to be slightly conservative, the TSTRESS

code limits the time increment to ninety percent of the

value defined in egn (28).




V. Thermal Stress Models

In the uncoupled quasi-static theory the thermal stress
prcblem is solved in sequence after the heat conduction
problem is solved for the temperatvre distributions. The
thermal stress problem is uniquely defined by the static

thermoelasticity equations

O§4e3 = 0 ] (29)
Cij = 1/2(\!1" + uj'i’ (30)
Ogg = Mygeyy + 2uegg = (3 + 2u)adyy (T - T) (31)

along w;th proper boundary-conditions. For the case when
the heat flow in the plate is primarily axial (i.e. through-
the-th%ckness), the only portion of the plate béing heated
significantly is that directly under the beam. For a uni-~
formly distribpted bean éhe temperature variation will be
throughnthe—thickneeq only. Near the beam axis the thermal

stress tfold canh be approximated by that for a semi~-infinite ‘

plateNof thickness 2h¢

2h B}

e ot ! ‘;
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Since tivire are ng gurface trsctions on the edges of the
plate and ibhe temperatuvs ig 2 function of z only, and due

to axial aymxetxy.'it is expected that

Y

Oxx = Oyy = £(2) ) (32)
F
at any time. Since the temperature is uniform in the x - y

plane, n: ghear stredses are generated:

Uxz * Oyx = Ogy = 0 (33)

Also gince no constraints on expancion in the z - direction

exist,
Cgg * 0 {34)

All of the boundary conditions are seen to be in terms of
atresses only. FPor thermoelastiéity p;oblems of this type,
the solution is facilitated by reformulating the thermo-
elasticity equations in terms of~atrqages alone. That is:
the displacenent; and strains are oliminated. This. is done

through the use of the gtrain coﬁ?atibility aquations (Ref 7:

" 124) which are mathematica;,ponstraints that insure the in-

tegrability of equations (30) to obtain the displacements.

In he stress foinnlaeion"ofdthe problem, the equilib- w
rium_oquationu (29) are unéhapged, but stross-strain equa-
tions (31) and the -train*cbnp;¥§bility$oquut£onc are re-

.

I
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placed by th2 so-called stress compatibility equations (Ref
- 5:89):

+ RN RSN b b Bt n s a1 Y

(L + N0ogj0kk + Ogxrgy + OF [c“ (i * :)T'kk ; é

+ T'ij] =0 (35)

DI SO ZRPR N WY TR W o

For the present problem, the equilibrium equations (29) are

it g &

identically satisfied and equations (35) are satisfied if

.

&’ Joxx + (EP..)T =0 (36)
d 1-v

Integration of (36) yields

e

() oxx--(.‘{_g_:__\.’.)’l'+c’+czz (37)

® where it is recalled that T = T(z,t) - T,. To obtain a non-
trivial solution, Saint Venant's principle (Ref 5:270) may
be applied. That is, the requirement for zero surface trac-
.

[ 4

tions at the.edges of the plat? is replaced by the étatically

equivalent requirement that the net force and moment pro- g

4 . f
# * duced by some 0yy distribution on the edge he zero. These ﬁ
boundarj gonditionq expressed for net force and moment per

. unit length cf ‘the plate edge beconme, respectivély

"

" h .
‘6'c*xdz = 0. . (38)




h
[ oyyzdz = 0 (39)

«

Substituting (37) into (38) and (39) gives

h ¥
c; =3 (9_3._.‘ Tzdz (40)
2h? \1-v/-
{
and
h
1 al -
Cy, = -ii; (I:-\;)_;‘ Tdz (41) i

Hence, from equation (37)

aB - .:L__ h 1
Uxx’ow.m[ Twzh‘{lez ' 3

3z h
+ =y J Tzdz 42)
2h?® .h ] (

The application of_equation (42) to the present study along
with suitable thermal models is discussed in Section VII.
This result is given in (Ref 5:278).
The othet.thermal stress models of interest are as-
« gociated with conditions when the temperature distiibutione
in the hestad piaite are primarily r;dial only, i.e. constant
through-the-thickness. For a thin cylindrical plate with

problem is one of plahe strens such that the only non-zero

strosser are

r with diameter >> thickness and no surface tractions, the i

Opp = £, (x) | (43)

O 099 = £4(r) (44)

27
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using cylindrical coordinates.

The only eguilibrium equation (Ref 5:248) which is not

identically zero is

ry Gpp - Ogg
§ en—

o b o 0

From the stress-strain -equations (Ref 5:245)
E€yy = Opp - VOgg + EaT
Eeggq = Ogg = VvO_,. + EaT

rxr

and from the strain-displacement equations

sa
€rr T 37
u
e M e
86 * ¥

Eliminating oy between (46) and (47) and substituting

and (49) gives

g f2u i ,u)._ _EaT
P T T (3? ' vf) 1-v

8imilarly, eliminating o,, in (46) and (47) gives

e [ow, u. 1 -
Opo T T {v,% + % aT(l1, + V{}

. Substituting (50) ard (517 into (45) resulta in

% ¥ t

%

28 -

-
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(45)

(46)

(47)

(48)

(49)

(48)

(50)

(51)
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Cdiaul L 4v)adE 52
0 | M[’r a:] (1 +v)all  ts2)

Integrating and solving for the radial displacement

<

- r
ne S Crar b, T2 (53)
r g, 2 r

.

Substituting back into (50) gives

: E {_(1-via ,F ‘ 1
| Orr * 5— v’[ — £ Trdr + (1 +v)2

- (1 - v)g.;] (54) ;‘

y By substituting the boundary conditions of zero trac-
‘ tions (oyr = 0) on. the inner (r = a) and outer (r = b) radii

(M) of the cylinder, the constants, ¢;, and ¢2 are determined.

Hence, (Ref 5:290),

- a2 b r
rr r’ -a) [ medr - [ 'rrdr] (55)

3]
3]
=

‘ . - 2 ) 2 b r N
Ogp = %% {x Q;L S Trdr + £ Trdr - Trﬂ

, | (b? ~ a%) a (56)
¥ " " For the particular case of a ﬁo;id plate, a = 0 and ’
: "1 b 1 .f )
Opy = OF bg: é der - 5T £ wrdr]‘ (57)
TR | . . X
Ggp ™ B Y { Trdr + e { Trdr - T (58) \

Another particular case of intereat is a solid cylin-

n
b 3

]
"
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drical plate of which only a finite .nner cylindrical por-
tion is heated appreciably. If it is assumed that this
heated core (r = a,) is at a unjiform temperature (T.= T;)

with T = 0 for r > a1, thesd from' (57) and (58) respectively,

-for r £ a,,

. a!
Orr, = Co8, ~ E;—'—(;’- - 1) , B9

- aBr,al /9y _1 )
otrz 2 (‘bz rz) (60)- *
aET,a? /1 1 ’
°ee, __.i.x._.x. (57 + ;i_) . ‘(51)

"

The stresses in the heated core are seen to be compx;ess&ve,

.~ fThe peak tensile stress occurs jfist dutside the héatad core ..
. o x : ?

.and is .
- W ‘e .uma a: +1 & . (62)
W ememominee —— L
* vaa! 2 b3 ; d %1 + %

The maxiuum shear stress (Tyay) in the case of a hi-

axial strou field occurs on planes at t 45 degrees to the

principal atran axes and-igs

g;

¥ . y o | - Opr,
% ‘ . tm """2""""" . (63,

30

'_ in the heated uom. Outside the heated core tha maximum ‘ l



shear stress is'givan by

Orr, = %00 aET, fa, \?
Toax ™ 22 '--..2...!.(;.'.),:3_3, (64)

Applications of these thermal stress models to the
laser heating problem are discussed in Section VII.
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VI. Melting and Thermal Deqradation Models

To assess the relative effects of thermal stresses as
dariage mechanisms from laser heating of metal targets, the
melting and therm.l degradation damage mechanisms were 3e-

lected for purposes of comparison. Other damage modes such

as explosive boiling, explosive vaporization, and thermo-

elastic shock waves (Ref 12) occur at generally higher

heating rates than the mechanisms of interest in this study.
Since the concern is with determining efficiencies of the
damage mechanisms, only those believed to occur at the
relatively lower beam powers were considered.

Melting. The analytical model used to predict melting

effects follows that of (Ref 8:18), Melting is assumed to

occur over a range of temperatures, T: to Ty, where T, is
.,'the temperature below which the material behaves as a solid

and T, is the tempcrature above which the material behaves

as a liquid. Por the present study, the melted material is

assumed to be removed immediately upon reaching T,, so that

L " the effects of melt retention are not considered.
During the phase change from solid to liquid an ef-
fective specific heat, cpe is assumed such that the heat of

fusion over the meltiny range is

(,) Cpe ™ Op * Ip/(?y - T,)%for Ty <T T, (65)
) where

ws

32 ‘
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Cp = specific heat of solid plLase (T < T,;)
Ly = heat of fusion

Once any portion of the heated target reaches the upper
melting point, that portion of the target is assumed to be
instantaneously removed and is no longer considered in sub-
sequant computationx. Damage due to melting is then defined
by the reduction in target strength due to the reduced load
carrying area.

Thermal Degradetion. The definition of thermal degrada-

tion as applied in this study is the reduction in structural
strength properties with increasing temperature of thin
plates as described in Ref 9. Although, as discussed in
faction VII, the piimary measure of damage being used for
this study is the residuvual tensile strength in a uniaxial
loaded panel, the effects of thermal degradation on tensile,
cémpressiva and shear strength properties are considered.

The only material considered is 2024-T3 aluminum. Ref
9 contains data for the effects of temperature on material
strength as 2 fuwntion of time at temperature. The parti-
cular data used here is contained in Figures 3.2.3.1.1(a).,
3.2.3.1.2(a)., and 3.2.3.1.2(b). of Ref 9 for ultimate ten-
sile strength, compressive yield strength, and ultimate
shear strergth, respectively. These figures are reproduced
hare as Figures 2, 3, and 4.

It was decided to use the half-hour exposure data in
Ref 9 agteé :a&igninq available data on the more rapid heat-
ing effects associated with high power laser heating. Such

»
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Fig. 2 Thermal Degredation of Ultimate Tensile
Strength for 2024-T3 Aluminum . "
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date are contained in Ref 13 through 18. Dus to data scat-
ter, variations in test methods, ;aéonpistent test para-
meters, etc., these data do not present a clearly defined -
relationship between strength and exposure time. Additibvnal-
ly the data Zor the nateria} of interest, 2024-T3 aluminua,
are concerned only with tensile properties. For the present
study, degradation of compression and ghear strergths were
also of interest. The thermal data of Ref 9 provides the
necessary tensile, conpressi;e and she&r degradation rela-
tionsﬁips for consistent conditions. Although the data for
the much shorter heating times presented in Ref 13 through
18 indicate that strength properties for the short heating
times aseociated with laser heating can vary appreciably
from the half-hour exposure data, it was decided to use the
latter data for the present study based oh~the.presuﬁption
that these data are suitakle first-approximations and they
are of standardized validity, comp%ete, and consistent
which at least partially compensates f9r possible detailed
discrepencies with the shorter heating time effects. .
Based on the half-hour exposure curve of ?ig._z, for
computational convenience it was decided to ap;roximate
the ultimate tensile strength by two straight 11nes‘such
that '

Pey ® Po = 557 0 ¢ T < 200°C (66)

Pey = 0.75F¢, - 200(T-200)  200°C < T < 370°C  (67)
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Poy =0 - T > 370° . : (68)
’ i

Fey = ultimate tpnsile strength at temperature
T(n['a’ ) .

Fio = Bltimate tensile stréngth at room temperature
= 44,820 n/cm® for 2024-T3 ,

Ts= tanperatnﬁ.' ¢: above room temperature

Similarly, the lialf-honé exposure conpressivé yield strength
was modeled as .

0 < T <232°C . : (69) -

- Fcy - ,rco :‘ 257 .
. Py = U.T5Pgg’- 140(T-232)  232°C < T < 370°C  (70)
N _ .o : ) ‘ , !
‘Fey =0 w>3%0° o o+ L (71)
- where -

1
s
» i
L3

' €
. + Py % compressive yield strength at temperature
. " (n/cn? : | ~

‘ . . l‘;’n = room temperature tompressive yield strength
i w 23,440 n/cm® for 2024~T3

t
+ « @
+

The ultimate shear strenjth was mdeied analyticaily as

N -

w

e ¥

v - Fgy = Fgq - 297 ) hﬁ <Tc< 216'%0 ‘ . (72)
" 0 <
O Fau = 0.75P,, - 132(F-216)  “* 216°C < T < 370°%C  (73)




Pou = 0 T > 370°C ' (74)

14

Fgu = ultimate shear strength at teupera%ure
.o T(n/cm?) : ’

'Pgo = ultimate shear strength at room temperature
: = 25,510 n/cm? for 2024-73
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VII. Las:r Beating Cffects

s 3

One~Dimensional Heat Flux Model Limits
Since the present ciudy was concerned with the limiting
cases of axial ané radial heat flux conditione, an initial

- e

question to be answered was under what conditions were the

assumptions of one~dimensional axial or radial flux valid.
It was originally planned that the ranges of. input para-
meters for which the heat flow could be ccnsidered to be

e mp——

.o essentially one-dimensional (either axial or radial) were
to be determined by comparing temperature and stress dis-
tributions from the one-dimensional_modelsi' those obtained
(() from a large two or three-dizensional analysis finite

element coemputer program.

Initially, the MARC (Ref 10) three-dimunsional trans- 3

ient thermal stress code was to be used but was abandoned
when access to th; program was terminated by non-renewal of
a lease contract between the Air Porce Flight Dynamics '
Laboratory and Control Data Corporation. Efforts were then
! C made to apply the NASTRAN (Ref 2) program using the Navy
thermostructural analysis additions and modifications (Ref
11). Considerable time was expended in getting this program
to function properly due to lack of familiarity with NASTRAN
and due to insufficient documentatlion in Ref 11. As a con-
sequance of these and other difficulties with the program,

() it was decided to eliminate this approach to defining the
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one-dimensionality limits. As discussed later in this sec-
tion, NASTRAN was used to validate the numerical one-
dimensional radial flux computations- for temperatures and

thermal stresses.

An alternate approach tvas used to define tae limits of

the one-dimensional axial and radial flux the:rmal stress

i

models basad on the résults of the studies presented in
Ref 8 and 19. There is réported‘the development of a
single parameter which is shown to determine the limits on
the one-dimensionality of heat flux for the stationary beam )

melting problem. The parameter is a dimensionless absorbed

; 1
power per unit thickness defined by , ;
1

»

-

P Ta (75)
2 %o (Cp Tw-Tol¥im]

vhere

L = plate thickness
Ty = melting tewperature -
Ly, = heat of fusfon

In Ref 19 it is shown that melt-through times based on the
assumption of one-dimeniional axial conduction clinsely pre-

. dicﬁ those ?;ou a two«ﬂlmensionai nuﬁerical analysis for

'values of Py, greator than about 70. Values of Py, less ”

, than about 5 are shown to ;ndi&;tm that the flux is primari- -
v ly reaial. In }35; 2Q)\§n “effective" dimensionless power

H (:) por'unit thickneas i» dovelopp& Sor correlation with melt-~
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through times which includes an approximate allowance for
the tumperature dependence of Cp.

Although these one-d:mcusionality limits are based on
the melting problem, it is reasoued here that the assumption
that these limits would also apply for the thermal stress
problem, at least for heating tines up to melting, is con-
sistent with the earlier assumption (Section III) that the
strain rate is' of the same order ;f magnitude as the tiwe
rate of change of tessperature. That is, it seems reascnable
to assume that the one~di=ansiénality limits for the heat
uonductioq‘problem (based on melt{pg.times) should be about
the same as for the thermal stress problem if the strain
cates closely follow,the temperature tzme rates. Conse-

~ent1y, tha above noted limits on one-dimensioxal axial

and: radial flux &re applied in the present study.

For the material considered in this study, 2024~-T3
aluminum, the one-dimensionality limits based on Py, can be
reduced to limits on laser beam power and targct thxckne

FPor 2024-T3 aluminum, ¢

K= 0,514 cmﬁlséé \

P« 2,78 gn/cm® ]
Cp = 1,05 joule/gm-°C
Ty = 552°C -
To = 24C
375 joule/gm

+

¥
.

P’}a - n;s-t ’ (76)

by




Hence, for one-dimensional axial conduction Pg, 2 70 and

;.9. > 8.55 x 10° (axial flux) (77)
Similarly, for one-dimensional radial conduction,

Peg £ 5 and

Pa

I”‘S 6.11 x 10° (radial flux) (78)

Axial Flux Analyses
" PFor relatively high heating rates, the initial heating

of a plate with the beam incidence normal to the plate mid-
plane would be expected to be primarily axial through-the-
thickness of the plate. .since the only area being heated
significantly is that directly under the beam, the thermal
model of equation (19) gives the temperature distribution
through-the-thickness. To obtain a closed form analytical
solution to the thermal stress problem, the approximation
for thermally tﬁin plates (xt/f2>1) is applied so that the
temperature disiribution is given Ly equation (20{. If this
thermal model is applied to the thermal stress model of
equation (42), the in-plane normal stresses near the beam

axis are given by

afd

B et (N2 = 32 2 79
Y " e ) (79)

Oxx = 0

where the coordinate system of Section V is used. This sol-

2
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ution is seen to be independent of time once the initial re-

_striction that «xt/L? > 1 is met. The maximum tensile stress

occurs at z = 0. The stress distribution through the plate
is shown in Pig. ¢

An intermediace thermal situation can be hypothesized
which might approximate the peak stresses during transition
from a predoainantly axial flux case to ohe in which the
flux becomes essentially radial. After the core a2rea under
the beam is heated for sor time by axial flux, this heated
core will become heated to an essentially uniform tempera-
ture. At this time and pzior to the development of signi-
ficant radial flux, the thermal stress problem can be con-
sidered as one of a heated center disk surrounded by an un-
heated elastic cyliqder. Equations (59) through (64) thus
provide the thermal stress model for this problem. An ini-
tial amsessment of the gtresses generated for this case is

obtained from equatijon (62) for the peak tensile stress

| aET 2
¢ Uee: . 5 1 (-a-%-"'l) ¢ T = 4, (80)

T is the uniform temperature of the heated core as develop-

ed from eéuation (20),

T(z,t) - Ty = %&:{6&t?3z’-£’1. et/ > 1 (81)

»

N

"Arbitrarily, to dafine the hoéfing time when the flux vec-
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tor would be expected to be primarily radial let it be
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required that the front-to~back surface temperature varia-
tion be restricted to 10% or less of the front surface (z =
L) temperature. Prom equation (81) above

T(L,t) -~ Ty = -;-;-1(3:»;') (82)

The back surface (z=0) temperaturs is

(0,6 - 7, ~ Ro(ece-r) (83)

Subtracting (63) from (82) gives the front-to-back tempera-

ture variation, 4Tp_p

8Ty p = -;-k!i (R4)
Requiring that
ATp.p < 0.1I7(2L,t)-Tg) (85)
zesu?ta in
,* ;i-f‘- < ..gi.i(:sn”mz*) | (86)
which reduces to
% 4.67 (87)
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This result is seen to be an increase in the thermal model
restriction of xt/i? > 1.

The solutions for axial flux problems given thus far
apply to long heating times and/or thin plates (xt/22 > 1).
Por earlier heating times (or thicker plates) the thermal
model of eqn (19) gives the temperature distribution through-
the-thickness of the plate. The thermal stresses can then
be dctecnined by numerical integration of the stress model
given as eqn (42). Pig. 6 susmarizes the results of such
an analysis. It was initially found empirically that the
in-plane stress is given uniquely by the value of xt/t?
at any depth (2/L) in the plate as shown in Fig. 6. This
was subsequently confirmed analytically by factoring (¢,2)
out of the thermal model equation giving

)

-xtn’u’/ﬁ’]

T(z.t) - T, = 8k [EE, [:} 3

oiN

2 .(_..Lcos (‘—‘-’if-)e (88)

% n=l  n?
The combined factor zii has the dimensions of temperature
and the terms inside the hrackets are dimensionless. Exam-

ination of the thermal stress equation (42)

f
- GE - 1. h 3z h

e

L
shows that 2%- also factors out of each of these terms.

Hence, the thermal stresses are seen to be directly propor-
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tional to the flux density, ¢,, and the plate thickness, 1.

(~) when expresses in a’consistent set of units, the parameter

o
;:I has the inverse diménsions of thermal diffusivity.
Hence, multiplying both sides of eqn (89) by IEI results

)

in a non-dimensionxzlized stress parameter

<

onK QP 1 h 3z h ] :
) = ~T4+. ] Trdz+—- T*zd
b " 5ep (i) [ % . z 287 -g zdz (90)
vhere
ke 12 )2 _
, "'1‘:""{(1) v
' J - -ktnix?/2?
-2 T e nxz 91
O 2, I Gileos (22) e (1)

" It should be noted that eqn(90) and eqn (91) are expressed
in terms of the thermal stress and heat conduction coordi-
nate systems,'respectivély. Egn (90) is plotted in Pig. 6 ‘
for 2024-T3 aluminum. If the material property parameters
outside the brackets in eqn (90) were transposed to ‘the
other side of the equation, another dimensionless stress
parameter would be defined, which is independent ¢f material
within the general class (homogeneous, isotropic) of interest.

In Pig. 6 the curve for kt/t? = 1.142 represents tne

steady state stress distribution which remains constant for
all «t/t* > 1. fhiu curve is the sawme as that shown in PFig.
S which is b;scd on the analytical approximation given by
agn (79). For earlier times, the development of the thermal
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stresses is shown by the other curves in Fig. 6. Initially,
as shown by the curve for rt/t?! = ,00571, only the plate
velume near the heated surface is heated appreciably and re-
latively large compressive stresses are quickly generated
at this surface. As the temperature drops to near zero be-
yond this heated layer, the expansion of the heated layer

creates tensile stresses in the unheated area which reach
a peak near the front of the relatively unheated zone, then
qraduall§ decay becoming compressive again at the unheated

surface.

Both the compressive and tensile maximum stresses in-
crease with time, attaining peak values prior to reaching
the steady state values. The peak tensile stress is only

slightly larger than the steady value, which occurs at

g/t = 0.5. However, the peak compressive stress (at the

heated surface) is approximately 20 percent larger than the

steady state value. Fig. 6 also shows that the peak com-

pressive stress occurs at an earlier time than the peak

tensile stress.

The temporal development of the peak tensile and com-

pressive stresses is shown in Pigure 7. The vertical

dashed line at kt/i% = 4,67 represents the time at which the
‘tnmpe;gture variation through-the-~thickness of the plate be-

comes less than 1/10 that of the heated surface temperature.

This is arbitrarily takan as an appriximation of the time

when the flux vector is no longer primarily axial since the
0 radial thermal gradients at the outer diameter of the beam

bo
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would be expected t0 be large relative to the axial grad-
ients under the beam. ~ ‘

The slight neak in the tensile stress pear xt/i? =
0.1 is apparent. The peaking of the compressive stress is
seen to be much more significant and extending over a larger
period - of time. It is concluded that the maximum thermal
stresses produced by one-dimensional axial heating occur
just prior :o attaining steady state heat conduction, and
that these stresses are defined by Fhe following equations

as derived from'Pig. 7.

OsexcX
( xX ) -= 3,30 x 10~2@xt/22 = 0.1 (92)
%! /max ’
tensile
(g-’-‘—’-‘-'-(-\ = -~ 7,94 x 10"28xt/2? = 0.06 (93}
¢o2 /max,
compressive

To asséss the relativg importance of the melt;ng and
thermal degrada;ion daﬁage mechanisms for comparison with
thermal stresses. for the axial flux case, the times required
for complete pelt—throgghﬁand_for complete thermal degrada-
tion are useful. The time required for coumplete melt-

* through, assuming éne-dimaésional axial flux, temperature
independent oroperties, and immediate. melt removal,. is
given by (Ref 19:2)

» -«

t, = g-:-;tcp (Tn=To) ) (94)

LW

*

" A8 defined in Sectign VI; thermal degradation is a
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function of temperature only, with essentially zero strength
remaining if local t.nperaﬁuxes exceed 370°C. Analogous to
the one-dimensional axial flux melt-through time, ti, a

heating time for complete thermal degradation can be defined

by

tp = gﬁ:cp(rp-ro) (95)

where

tp = heating time for complete thermal degradation
of structural strength (sec)

-

T

p ™ temperature above which material has essen-

tially zero strength
= 370°C

Dividing by t, gives

o, 7—39:3§—-—- (96)

It is seen that t; is always less than t, for structural
metals since T, is generally greater that Tp. For 2024-73

aluminum, assuming T, = 0,
tp = 0.43 t1 (97)

Herce, complete thermal degradation of the structural
strength properties of the pi&te wQulilbe expected to occur
prior to complete melt-inrough.

Although not directly pertainent to the present study,
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the heating time to complete thermal degradation for other
structural materials was investigated briefly. Based on
extrapolation of the thermal degradation data in Ref 9, the
following table presents t,/t, as calculated from eyn (96).
Theraal properties are taken from Ref 32.

Material TR(°C) Tp(’C) Im{j/gm) Cpij/gm°C) tp/t,
A%-31B 605 425 338 1.21 0.48
Magnesium

301
Steinless 1400 870 290 0.42 0.42
Steel .

6AL-4V 1600 870 390 0.77 0.41
Titanium
Hence, it appears that complete thermal degradation precedes
melting for most structural metals.

A qualitative comparison of the thermal degradation and
thermal stress damage mechanisms for the axial flux case can
be obtained by examining the ratio of heating time to com-

plete thermal degradation time and comparing it to the ratio

~of maximum compressive thermal stress to roocm temperature

compressive yield strength. This comparison is made in Fig.
8 for a particular value of absorbed heat flux density.
S8ince both of these diméntionless ratios are linear func~
tions of the absorbed heat flux density (see eqns (90)
and (95)), changes in this éatemote: do not affect the re-
lative positions of the two curves.

The 801id curves apply when «t/t? = 0,06 which corres-

4
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ponds to the maximum value of the peak compressive stress
(:) (see Fig. 7). The stress ratio is computed from egn (93)
by substituting the material property values for 2024-T3
aluminum and Ip‘
maximum value of interest for this study. The folldwing

= 1500 w/cm® which is approximately g?a/

[ I

”

relationship is obtained. . o

-

P

(%xx | 0.989 (1/cm) LOKE/22 = 0.06 (98) |
=0, cm) L8k =0,
(P55 ) e ");
comp. P i
Similarly, eq?/jg§}/§ives
P .
" ¢ i
///// = = 1.39(cm/sec)= {99}
. to .
e
-
. //’ 2
(:}’/////xron kt/2* = 0,06,
t = 0.1172% (sec) (100)

Substituting (100) into (99) results in

£ .
oy 0.162(1/cm) & (101) ]
# " Eqns (98) axd (101) are plotted as solid curves in Fig. 8.

The initial conclusion drawn from this comparison is that
the damage from these two sources is of the same order of
magnitude at times defined by xt/t? = 0.06. This is a quali-
k tative conclusion in that peak thermal stresses represent

(:; the onset of material fajlure rather than through-the-thick-
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ness failure represented by the thermal degradation ratio.
Even though the stress ratio exéeeds the the.mal degrada-
tion ratio by about a factor of six, consideration of the
additional time required to completely fail the plate
through~-the-thickness by both compressive and tensile ther-
mal-stresses would likely compensate for this difference
and might reverse the relationships.

For comparison to the maximum compressive stress, the
corresponding stress ratio for maximum tensile thermal
stresses is shown on Fig. 8 as derived from egn (92). Ten-
+ile stresses are concluded to be a relatively insignificant
contributor to damage for axial flux heating.

Also shown-in Fig. 8 are the corresponding relation-
ships for an earlier time, xt/&? = 0.01. 1In this case the
stress ratio is determined from Fig. 7. Since t/tp is
linear in time and the peak compressive stress is a loga-
rithmic function of time, the stress ratio exceeds the ther-
mal degradation ratio by an even larger factor. Conseguen-
tly the relative significance of thermal degradation in-
creases with time. Since the heating conditions for the
solid curves in Fig. 8 generate the maximum thermal stresses
for the range of beam/target parameters considered, it is
seen that the maximum value for tﬁe compressive stress ratio
is about 0.65 (at the maximum plate thickness of interest,
£ = 0.65 cm).

Hence, for the axial flux conditions considered, peak

thernal stresses ao not reach material failure values.
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Comple:e thermal degradation occurs at t/L = 0.719 sec/cm

as determined from eqn (93). Thie corresponds to

(102)

which varies between 0.57 and 3.70 for the range of plate
thicknesses considered (0.1>£>0.65cm). That is, complete
thermal degradation does occur for the axial heat flux case

within the range of beam/target parameters of interest.

' Since the range of xt/%? in which complete degradation can

occur excéeds the xt/%22? values for maximum thermal stresses,
the actual failure mechanism is expected to be the combined
actions of thermal stresses and thermal degradation. How~
ever, since the majority of the plate thickness under the
beam is subjected to tensile stresses (Fig. 5), and these
tensile stresses do not become significant relative to room
temperature ultimate tensile strength for the range of heat-
ing parameters considered, thermal degradation will contri-
bute much more to coaplete through-the~thickness failure
than thermal stresses. It is concluded that the heating
time to complete thermal degradation, tp, provides a rea-
sonable approximation to the time required for through~the-
thickness material failure under the combined actions of
thermal stresses and degradation for the case of axial f[iux
heating,

Comparisons of thermal stresses generated during

¥
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one~-dimensional axial heat conduction to those associated
with one~dimensional radial conduction are discussed in

later paragraphs of this section.

Radial Flux Analyses

The numerical radial flux computer program is based on
the numerical thermal model described in Section IV. The
total program is named TSTRESS and is listed in Appendix A
along with sample progreém outputs. The radial thermal model
described in Section IV is subroutine TEMPRAD in Appendix A.
Based on the radial temperature distributions output from
TEMPRAD, numerical integration of thermal stress equations
(55) & (56) is accomplished by subroutine STRESSR to deter-
mine the radial flux stress components. A separate algo-
rithm (see Appendix B) was developed to compute stresses
near r = 0 as equations (H5) & (56) are indeterminate there.

The one-dimensional radial heat conduction medel im-
plies that the plate is circular in planform. However, for
those cases where the plate diameter is large enough that
the plate size no longer significantly affects the heat
conduction or thermal stresses, the plate can be considered
to be rectangular with width equal to the circular plate
diameter. The length of the rectangular plate can be con-
sidered to be any length equal to or greater than the cir-
cular plate diameter. The residual tensile strength of the
rectangular plate in the lengthwise direction can thea be

used as a measure of the damage inflicted by the mechanisms
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of thermal degradation of structural properties, thermal
stresses, and melting.

Subroutine STRONG computes the radially averaged re-
sidual tensile strength of the plate (RESDEG) due tc ther-
mal degradation, based on the radial temperature distribu-
tion and the half-hour exposure, thermal degradation of ul-
timate tensile strength data for 2024-T3 aluminum given in
Ref 9. These data are approximated by the analytical func-
tions given in Section VI. This subroutine provicdes a mea-
sure of the damage caused by thermal degradation of tensile
strength.

Other damage measures are computed in subroutine
RESTRNG. Residual tensile strength due to thermal stresses
(RESTRSS) is computed based on thermal tensile stress dis-
tribution by assuming ultimate tensile stress remains at
the room temperature value. Residual strength Aue to the
combined action of thermal stresses and thermal degradation
is computed as RESTR32, Structurally failed areas due to
thermal stresses alone (RFS), thermal degradation alone
(RFD), and in combination (RFDS) are calculated in subrou-
tine RADFAIL. Failed radius due to melting a hole (RMELT)
is computed in the main program (beginning at line 153).

A parallel calculation of the efrect of stress concen-
tration is made in subroutine RADSC. This calculation is
based on holes caused by thermal stresses and degradation
in combination (RFDS) as it is assumed that hole stress

concentrations asscciated with melted holes are negligible
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due to relief provided by plastic flow associated with
high temperatures.

Structura)l failure may be caused by thermal stresses
or degradation, or their combined actions. Two alternative
treatments of structurally failed areas were used. In one
cagse, the failed area is assumed to be immediately removed
from the plate, thus forming a hole. 1In the other case,
the failed area is assumed to remain in the plate and con-
tinue to absorb and conduct heat.

In the case where the failed area is retained in the
plate, melting is the only mechanism which can generate a
hole. At each time increment, thermal stresses, residual
strengths and failed areas are all computed based on the
assumption that the cuvrrent failed area has zero strength,
that is only the temperature distribution outside the failed
area is considered. The temperature distribution is based
on the heat flux into the plate nutside the melted hole.
The failed area will either be egual to or greater than the
melted hole.

In the case where the failed area is assumed to be im-
mediately removed (by an unspecified source such as aero-
dynamic pressure), the actual hole size at any time is the
larger of the melted hole and the failed area. Temperatures,
thermal stresses, residual strengths and failed areas are
computed based on this actual h;le size.

Fig. 9 (solid curves) shows a typical comparison of

the respective hole sizes for the above described ilterna-
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tive failure modes. The plots are based on data output

from the TSTRESS program at one second time intervals.

The data are connected by straight lines which results in
the incremental characteristic of the plois. The bottom
solid curve is for the case in which only melting is consid-
ered to form a hole in the plate. Por these conditions a
failed area is generated by the combined actions of thermal
stresses and thermal degradation and the radius of this
failed area is given by the dashed curve. The failed area
is assumed to remain in position in the plate. For the al-
ternative situation in which the failed area is assumed to
be immediately removed from the plate, the resulting hole
radius is given by the upper solid curve in Fig. 9. These
results are typical for the range of parameters studied in
that the structurally failed area due to the combined action
of thermal stresses and degradation is always larger than
holes formed by melting, and that the failed area is gener-
ated prior to melting a hole.

It should be noted that although the one-dimensional
radial flux code is strictly applicable only when the dimen-
sionless power per unit thickness, P;,, is less than 5, much
of the data presented is based on heating conditions for
which Py, > 5. This is done to faciiitate data presentation
as the trends shown are the same for both conditions, but
much longer computer run times are required to obtain struc-
tural failure and melting effects whenfpla <S5,

Fig. 10 is a typical plot of prghcipal thermal stress
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distributions for a solid disk a2t some time prior to melting
or structural failure. An understanding of thermal stress
distributions prior and subsequent to hole formation is
necessary to explain the relative damage modes. Fig. 10
shows that the radial (o) and tangential (o) stresses are
compressive near the plate and beam center. The radial
stress becumes less compressive with increasing radius,

becoming zero at the plate edge. The tangential stress be-

SR A SR N2 B Mot AR B I MY it Moy SIS b NS Ena . vk, iy 3R

comes tensile just outside the heated cylinder, rapidly
reaching a peak value before gradually decreasing to zero

at the plate edge.

T e s e S bbdaen

The maximum shear stress is equal to the one-half the
maximum difference between any two of the three principal
orthogonal stresses. In the case of plane siress, the i

stress component normal to the plane of the plate is zero.

3 pam

Inside the heated cylinder the maximum difference in stress

An

components is between the radial and normal componeuts.
Outside the heated core, the maximum shear stress is deter-

mired by the difference between the radial and tangential

components. This change in the maximum shear stress deter-

mination accounts for the inflection in the maximum shear
stress distribution shown in the figure.

A typical temperature distribution at some time prior
to formation of a hole is illustrated in Fig 11l. Both melt-
ing and thermal degradation are direct functions of tempera-
ture (see Section VI), and knowledge of the general form of

‘) the temperature distribution aids in understand.ng the rela-
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tive influence of these damage mechanisms. The figure shows
the typically rapid decrease in temperature within the beam
radius for a Gaussian distribution heat flux density.

Fig. 12 presents the residual tensile strength, nor-
malized by the unheated ultimate tensile s:rength, as a
function of heating time for each of the damage mechanisms.
In this case, the failed area is assumed to be immediately
removed, thus forming a hole. Since the failed area radius
is always equal to or greater than any melted hole radius,
no damage due to melting occurs.

The effect of assuming that the failed area remains in
the plate but does not transmit stresses and that only melt-
ing generates a hole is shown in Fig. 13. Comparison with
Fig. 12 shows that the assumption that the failed area re-
mains in place results in slightly greater strength reduc-
tion, again due to the laréer heat absorhbing surface for
this situation. Both figures show that the largest contri-
butor to tensile strength reduction is the structurally
failed arca an¢ that therual stresses contrigute more than
thermal degradation. The respective radii of the melted
hole and failed area for the heating conditions of Fig. 13
are given by the solid curves in Fig. 14. fhe dashed curve
is for the alternative assumption tﬁ;t the failed area forms
a hole.

The effect of varying laser beam diameter on residual
tensile strength is shown in Fig. 15 for the situation of

retained failed areas. For smaller beam diameters the peak
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heat flux density is larger resulting in earlier str-ictural
failure. As the failed area diameter approaches the beam
diameter, the rate of strength reduction becomes increasing-
ly slower because the failed area is the primary factor in
determining residual tensile strength. Residual strength
continues to decrease until the melted hole approaches the
beam size after which heat absorption by the plate ceases..

The larger beam diameter effectively postpones struc-
tural failure anAd melting until a larger area of the plate
is heated significantly resulting in strength reduction over
a larger portion of the plate. As shown in Fig. 16, the
failed area grows more rapidly for the larger beam diameters
eventually becoming larger than for the smaller beam dia-
meters.

The effect of beam power on residual strength is shown
in rig. 17. The beam pcwers selected for this comparison
give peak absourbed flux densities corresponding to those
for the comparison of beam diameter effects in Fig. 15.

The coxrespoudéing failed area radiil are compored in Fig. 18.
Increasing beam power is seen to decrease the time required
to achieve structural failure and melting, and to generate
larger failed areas (and melted holes) and reduce residual
tensile strength at any given time.-

Fig. 19 shows the effect of plate thickness on residual
strength, The effects are similar to those for beam power

with more rapid strength reduction consistently occuring

for +*hinner platas.
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One objective of the present study was to determine the
relative importance of the thermal stress damage mechaniswu
relative to melting and thermal degradation. From the data
presented thus far for the case of one-dimensional radial
flux, ore major conclusion is that the primary mode of dam-
age (measured in terms of ra2sidunual strength) is the genera-
tion of a structurally failed area by the combined action
of thermal stresées and degradation. The relative contribu-
tions of each of these mechanisms to structural failure is
thus of interest. A qualitative assessment of the relative
contributions can be obtained by looking at the peak stress-
es and temperatures (outside the failed area) as shown in
Fig. 20. This plct is typical for all the cases investigat-
ed in that once a structur 1lly failed area is initiated, the
tangential compressive stresses remain at relatively high
levels while the other stress components are reduced signifi-
cantly. Fig. 21 and Fig. 22 chow that peak tensile stresses
remain very small for a wide range of beam powers and dia-~
meters. Since both peak tangential compressive stiress and
maximum temperaturc (outside failed avea) occur at the radius
of the failed area, it is concluded that these are the mech-
anisms vhich continue to expand the failed arca with increas-
ing time. That is, the failed area'expands duc to comprecs-
sive yield failure.

Although thermal degradation is not generally a linear
function of temperature, for the analytical approximations

used in this studv (Section VI) and the range of temperatures
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outside the failed area shown in Fig. 20, the relationship
is essentially linear. Consequently, the temperature
curve in Fig. 20 is a fairly good approximation of the com-
pressive strength reduction due to thermal degradation.

The general conclusion is then made that the compressive
tangential thermal stresses contribute significantly more
to structural failure than does thermal degradation.

A quantitative assessment of the relative contributions
to structural failure does not seem feasible. The essential
conclusion is that qualitatively, compressive tangential
thermal stress at the edge of a failed area is the primary
contribuior, along with thermal degradation, to the expan-
sion of tle damaged or failed area.

From the analysis of the thermal stresses for the one-
dimensional radial flux code (reference sample output in
Appendix A), it was found that prior to structural failurc
or melting, thermal stress is a linear function of the beam
power and consequently linear in absorbed power, peak ab-
sorbed flux density, and peak absorbed fluence through the

following reiationships.

Py = u,Q (103)
Py = %o’xpa (104)
Fpa = Ipat (105)

where
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a; = absorptivity
Q = P; = incident beam power
D = beam diameter
t = heating time

Fpa = peak absorbed fluence

Ipa = peak absgsorbed heat flux density

Thermal stresses also were found to be inversely proportion-
al to the target plate thickness. These empirical findings
were verified by examination of the algorithms used for
temperature, eqn (27), and thermal stresses, eqgns (55) and
(56). These relationships suggested two dimensionless
stress parameters which were studied to see whether they had
any particular invariant qualities which might serve to
characterize the thermal stress probiem.

The parameter %g » where o represents any thermal
stress component, expresced in consistent units, has the
units of sec/cm? which are the lnverse units of thermal
diffusivity, k. Hence, the parameter %%5 is dimension~-
less. The parameter %£; hag the units of seconds.
Dividing by the heating time is equivalent to replacing the
peak absorbed flux density in the denominator by the peak
absorbed fluence, giving another dimensionless parameter

g&_ . Pig. 23 compares this parameter, using peak ten-
pa

sile stress, for three beam diameters, as a function of

heating time.

The peak absorbed fluence used in Fig. 23 is that for
a continuously solid plate without regard to the effect of
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the expanding hole in the plate. When this effect is ac-
(”} counted for by ucing the actual peak absorbed fluence, the
results are less orderly than in Fig. 23 due to the step
function effect of the hole growth in the numerical model.
Fig. 24 shows the other dimensionless parameter des-
cribed above for the same conditions of FPig. 23. Compari-
son of the two plots shows that there is less spread in the
data based on gﬁﬁ ' and thyt the relative positions of
the curves baserd on %&5 is more indicative of the reia-

tive peak tensile stresses, being a linear function of the

peak tensile stress (see FPig. 21).
Figure 25 shows the development of peak thermal stresses

for a typical case in which the heat conduction is initially

axial. The figure shows the theoretical stresses for both
(} one-dimensional axial and radial conductivity models for
identical conditions. Radial flux stresses are given for
a uniform beam flux daistribution. The uniform beam is con-
gictent with the constant flux distribution assumed in the ¢
axial conduction model. Fig. 25 shows that the initial
transient and subsequcent steady state peak stresses for
one-dimensional axial flux remain fairly small relative
0 compressiv? yield or ultimate tensile strengths (23,
n/cm? and 44,820 n/cm?, respectivolf).
For the flux density and thickness listed on Fig. 25,
the initial conduction is primarily axial through-the-

thickness if the beam diameter is at least 5.87 em. In
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(} this case, Py, > 70.0 as determined from eqn (75). Hence, %
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heat flux for this case would remain axial until a hole is
melted through the plate. No appreciable radial flux would
develop in this time. Consequently, thé radial flux results
given in Pig. 25 are strictly academic and serve here to
indicate the trends in thermal stress development for those
cases where the flux vector becomes predominatly radial be-
fore melting occurs,

These results illustrate a bound on the radial flux
model. If Py, > 70 at the onset of heating, the target
plate will melt through without any transition to a radial
flux case. Hence, the radial flux model is not generally
applicable if, initially, Py, > 70. As noted earlier in
this section, if Py, < 5 at the onset of heating, the heat
flux vector is primarily radial and remains so as long as
heating continues. In intermediate cases (5<Pyp5<70), the
flux vector would be expected to becowe increasingly radial
at long enough heating times. From egn (87), the flux vector
would be expected to be primarily radial at leazt by the
time kt/%%® is about 5. The flux vector becomes primarily
radial at gyer shorter heating times for decreasing Py,.
The initigl flux vector would be expected to be predominant-
ly radial for values of Py, near 5 and to be mostly axial
for values of Pya approaching 70. The axial flux thermal
stress model is applicable for all heating times through
melting if Py, > 70.

Correlation of dimensionless power per unit thickness,

Py,r Witn the time to initial structural failure as predict-
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ed by the one-dimensional radial flux model was investigated

( briefly. Fig. 26 presents the results of this correlation,
using data, denoted by the circluar data points, that had
been developed previously as part of the other analyses con-
ducted.

A definite correlation is apparent which also appcars
to be a function of the laser beam diameter. The data
presented include all of the pre-existing data available
which was applicable. That is, no sorting of the data was
done to bias the results. As noted previously, most of the
data from the radial flux code are for heating conditions

with Py, > 5 which violates the assumed bound on the appli-

cability of the model. Consequently, additional analyses

are required to extend the correlations to values of Pg, <

( ) 5. The validity of the radial code correlatioﬁs for Py, >
5 were qualitatively assessed bv plotting corresponding i

failure times for one-dimensional axial flu# (Pga > 70) on :

Fig. 26. ;

For one-dimensional axial f£lux, the heating time to

complete thermal degradation can be expressed as follows by |
combining eqns (75) and (95) and substituting tne 2024-T3

~

material values.

ty = 0.658 22 (D in cm) (106)
. Pra ' |

£

This equation is plotted in Fig. 26 for three diameters cor-

responding to theé radial flux data. The radial and axial
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flux data are not directly ¢omparable because the radial
data are based on a Gaussian heat flux density distribution
and the axial model assumes a uniform distribution. To ’
make a more consistent comparison, four radial flux code
cases with a beam diameter of 10 cm were analyzed for a uni-
form flux distribution. These results are denoted in Fig.
26 by the x-symbol. The results of this limited comparison
indicate that a possibly consistent relationship between

failure time and Py, may exist over a wide range of Py,

»
P

values. Further study of this relationship is necessary to
obtain more definite conclusions.

Correlations of Py, with the size of structurally fail-
ed damage areas as a function of the laser beam diameter are
shown in Pig. 27 for the cases listed in the previous fig-
ure. The dava plotted are the radii of the structurally
failed area at a heating time of 15 seconds. Smooth curves
were drawn through the data points.

It was concluded that Py, does provide 5 consistent
correlation with the structural damage size. Quantitative
definition of this correlation was not established and is a
topic requiring additional study. The correlation examined
here is actually with the "dimensional® power per anit thick-
ness, Py/t, since the additional quantities in Py, are mat-

erial properties and only a single material was considered.
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VIII. Conclusions and Recommendations

Conclusions

For both limiting cases of one-dimensional axial and
radial flux, the primary mode of damage is by generating
a failed area under the laser beam. For axial flux condi-
tions, the primary damage mechanism is thermal degradatiocn
of structural strength, based on the half-hour heating ex-
posure data of (Ref 9). For the range of beam/target para-
meters considered here (see Section I1), thermal stresses
are relatively small. Fof the case of one-iimensional
radial flux, the primary damage mode is structural failure
due to the combined actions of thermal stresses and thermal
degradation. If the structurally failed area is retained
in the plate,_meltiné’may occur, but never precedes struc-
tural failure. Deéetailed conclusions are given in tihe fol-
lowing paragraphs.

: Axigl Flux. For thig study, axial flux was defined to
exist if the dimensionless power per unit thickness, Poar
is greater than about 70. The flux was defined to become
primarily radial for dimensionless thermal times, xt/2?,
greatey than aﬁouﬁ 5 since at this time the through-the-

thickness temperature variation becomes less than ten per-

- cent. Two time taéimes’%eré identifled as significant in

chatacterizing ébg\kﬁégmal stresses for axial flux. The

maximum thermal si@esdéﬁ for the bBeam/target parameters of
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interest occur during a transient stage when kt/2? < 1.
(~) These maximum stresscs become constants when expressed in

the following dimensionless form

TgraK ‘
(¢xf ) = 3.20 x 10”%ext/L% = 0.1 (107)
° peak
f tensile
(UxxK) peak t 7,94 X 10"2@Kt/2.2 = 0.06 (108)
\"l compressive

The peak through-the-thickness stresses decrease with in-
creasing time until they reach a steady state value for all
e kt/%2 > 1. For these steady state conditions, the peak
thermal stresses are slightly less than the maximum values
given in eqns (107) and (108). For the range of beam/tar~

k (‘; get parameters considered in this study, the thermal stress-
| es remain very small relative to target material strength. -

Since both melting and thermal degradation are direct

b . e

functions of temperature, thermal degradation is the ini-

e

tial damage mechanism because the temperature necessary to
reduce the material strength to zero is lower than the {
temperature required for melting. If it is assumed that
any material failed by thermal degradatior remains in place
g in the plate, melting will subsequently occur with contin-
ued hegting. Any material melted was assumed throughout

this study to be immediately removed.

Por axial flux conditions the damage is essentially
restricted to the area deef'thé incident beam spot., Con-

O sequéntly, the damage size would correspond closely to tne

-
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| portion of the plate.; Stnucturdi failure is due primaxily ¥

beam diameter, for a spatially uniform flux density distri-

‘bution. For a Gaussian beam, the damage areca would be re-~

stricted to an area near the beam axis because of the much
lower flux density near the beam edges which would tend to
develop radial flux. The time required to fail an area
equal to the beam spot size is much less than for one-dimen-
sional radial flux.

Radial Flux. The heat conduction in the heated target

plate was defined to be essentially one-dimensional radial

if Py, < 5. For cases where 5 < Pga < 70, the flux would

be expected to become increasingly radial with increasirg

"hééting time. The numerical radial flux code developed as

part of this.study would be expected to give approximate
results for heating condiiions with these intermediate
values of Py, at long enough heating times (xt/22>5) and

accurate results. for Pz; < 5., Temperatures and thermal

. . e -

stresses for the radial code are compared to those from a
two-dimensional NASTRAN finite elemept analyéis in Appen-
dix C. |

Based on th? dat; from the one-dimensional radial amal-
ysis, ié was concluded that the primary damage mechanism
forjradial flux heating conditions is structural failure by
thermal strssses and strength degradétisn in combination.
The pri&ary chntribu}or Eo residual tehsile strength reduc-
tioh is from the reduction in net section load carrying

ability resnléfhg from étruéiﬁ;al failure of a circular
. «f\ .
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to compressive tangential thermal stresses, in combination
with thermal degradation. Reductions in residual strength
due to thermal degradation aand thermal stresses outside the
failed area are much less than that due to the failed area.

Thermal degradation contributes less to residual
strength reduction outside the failed area than do thermal
stresses because significant temperatures are restricted to
the immediate vicinity of the failed area while tensile
thermal stresses are distributed oser most of the_unfailed
plate area.

Slightly less residual strength reduction occurs if
the structurally failed area is assumed to be immediately
removed, forming a hole, than for the assumption that the
failed area is retained and continues to absorb and conduct
heat. If the structurally failed area is retained, subse-
quent melting produces a hole. Mel*ing does not signifi-

cantly affect residual tensile strength except for large

" heat ‘flux densities which produce melting at short heating

times. In this case the rapid hole formation retards re-
sidual strength reduction because most of the subsequent
incident flux éasses‘through the melted hole.

The effect of increasing beam diameter is to retard

© structural failure and melting, and to increase residual

‘strengtﬁ reduction at the’lonéer heagingftimes. Increasing
béam ﬁawer ahdndécfeasing target plate thickness have the
‘direct effects of promoting earlier structural failure and
welting, and increasing residual strength reduction.
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The most significant difference in the damage associat-

~ed with the limiting one-dimensional heat flux cases is in

the size of the damage area. Radial flux heating has the
potential for producing failed areas larger tﬂan the inci-
dent beam spot size while axial flux damage is essentially
restricted to the area under the beam. Additional damage
due to thermal stresses outside any failed area is produced

by radial flux in contrast to axial flux heating.

Recommendations

Based on the results of this study, the following
recommendations are made.

1. Additional NASTRAN analyses should be co-ducted to
verify the one-dimensional heat conduction limits based »nn
dimensionless power per unit thickness, Py..

2. -The apparent correlation of damage parameters with
Py, should be more firmly established by additional studies
using the analytical tecnnigues and numerical radial code
developad in this study.

3. The realism and accuracy of the TSTRESS radial
flux code should be improved by the following improvements.

. &. Include temperature dependent material proper-

ties., |

b. More realistic modeling of the thermal degrada-
tion of structural strength properties based on laser
heating exposure data.

' ¢. Include heat losses due to surface radiation
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APPENDIX A

Numerical Radial Flux Thermal
Stvess Computoer Program (TSTRESS) Listing
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SIGHAACT)STANGENTIAL STRESS SOMSOMENT AT INNER EOSE OF ELENENT § (M/SD €%
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PRINTe, ® DELT REDUCED FPOH ™,DELT,™ YO “,TEST,” SEC,*
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LNty
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CAPSIAA (KD sSISMANIX) /PALKAPA
QAVAVIL) s TAUMAK () /0L
Rx (K=1) *OELR .
IF CLSOUNT JKE LTI XEIGO TO 30
PUIIT 25, Ry TEMPIKY, STAEMAREK) pSTSHAN (KT, TAUMAR IX ) QSISRIK: »QST62LKY
109TRU(K) , CAPSIGA (W)
$S PORMATINR G FP 3,71 8.3oF 1008 9F 180 1F 108,015,550

38 Corrinug

20° CALL RADFATL (TE4P,QED 05 S, TFAT, R, OELR, SLONAR, SIGNAR ) TAUNAK ) JLTENS
$e204PYLD, ULTS4R, IFAIL KRSy CRISH
IFO2HELT, 6T RFDSIGO 1O 123
IF (PFNS. G T PRALLY IFATLERFDS
60 'O 12% . .

123 IF(INELT, T PFATLIRFATLSNELTY

126 IFATL=RFAZL/DELR
REHEOKIFATL *DELR Lt
IR ICHESK LY LRFATLY IFATLeSFATL o8
LF (LSOUNT o NELLTIHEIGO 'O 90
SUNTENPSE, 8
SUNSIGAZ0,. 8 .

SYNTAUze, 0 .

00 25 I=g,M .
SUNTEHPSUNTEAP TERPLT)

SUNSTIGA2SUNS TGRS IGHARLT) ’

38 SINTRYsSUMTRULTALUMAX(T)

. AVCTEHPESUMTENP/
AYGSTCASUNS TGA/N
AVGY BUs SUNMTRII %
PUIUT 36 AVETELP, AVGSTIGALAVETAY

36 FORMAT(OX o SMAVERAGES, Fe 118X, 2%16, 1)

90 CLLL SORT (05 ICR, KMy GSRMAX, ATRHIN, O LR, RRYAX ( RRM IN)
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CALL SORT (OTAU KM NTHAXQTMIN, OZLR, TRHAX, TRHINY
EF(LCOUNT o NELLTIHEI GO TO 63
LEOINT=D
PRINT 37,0QSRMAX, OSAHAX, QTHAX
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PRIUT SO2,RINTE, ARMIN, TRYIN
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“ PRIIT L3R, PHCLY ?
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; m . ) IF 12200,€0,2)60 19 7 )
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PRINT L8y STRVGTH, P [
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1o FELY,IFAIL)
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SUNBUTINE SMSSRIE.“.M'.Q'.I!tlaS!G'll!'Slﬂﬂl A TENP My TAUNAX, SFA
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1 ,

THIS SINPOUTINE COIPUTES 3-CONPONCYY STRESSIS FOR 1-0 RADIAL TENP-
ERAT52E OISTIRIIUTION
OIsNSION STCHARILINE) (STSHAR (RE0),RC1089,TENPI101) ,TAVIAX100)
CRLPHsLOALONAT
REMLIFATLY OELY:

RFAILPSPFATL 2,
S2475 (A% 2,y =RFATL2
9) 28 Isi,0

20 R =(1=1)°0ELR
Rimt)zh
JeJFAIL e}

Jisgeg

({1 1 N ] .
SYNEx8, 0

80 23 Isit N

23 SUMSRUNA2, SR (DI TENP(IY
SUNT=SUHIR(MIL) O TENP (ML)

IF (J.ECe13G0 TO 24
SUNTsSUNT o R( SIS TEP (L SY
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IF(3.67,2)60 70 26
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STEMAALL) =STGHAR(YL)
TRAUMAX (L) aSTGNAR (YY) /2,

26 00 25 ls)4M
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SUnce 8
$Imng, 3
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CUS(R2RFAIL2I/(82A2002)
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SUBUTINE STROVC (TENP,OEL oM, 8,STYMICTN, 35 SFATL)
€ COMPUTES RESTIOUM. TENSILE STRENGIM DU 10 THERWAL DESRADATION (PLUS MELTINGY,
C APOLIES TO 202013 ALUNINUM OWLY,
€ BSTARa> AT UNICH TEnP, BECONIS GREATEY THAN 200 OEG, C

YMERSION TENPIL0D)

Synys0,

Sy2ep,

SUMisy,

SUNL=0,

LsIFALL 62

SFsIFAJLCOELR

 JIFETENPiL=1),LT, 200,060 TO 108

03 115 Y=,

TR ETEnPLL) oL Ta 200,050 TO 110

115 SIMSUML ¢2, STEYP(IY
149 SUM=SUML ¢ENPLIL=1) ~TENP(I=S)

IS TARn] ey

SSTAR=( I 2) % DELR

60 10 129 ,

105 JSTAR:L R

ASTAR=IFATLOOELY

28 09 18 J=1ISTA2,¢
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Ne e s

KeISTAR-Y

SUMsSUNS e TEMP LKD) o TEMT(N)
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8182 SUNVODELR/2,
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1=55.*51982)/8

Pu STINGTH/44 820, . -
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exp
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TGSSx (50 FTA/2, v3, ® LLETRYO¥2,)72,) $ST5AY
TF (STGSCe GEo ULTENS) RESCuR. 0 0! STIATP
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: 1 SUMOUTINE RESTINGISIGNAR, D)%, U, TENS o IFALL ) DELR(RESTRSS, PSTRSS,
; SRESY252,PSTRS2, TENP)
j € THIS SUIIUTINE SOSPUTES VARTIUS RESIIVUAL TENSILE STRENGTHS,
) € APPLIES ONLY TO 2026-T3 ALURINY®
; s DININSION STCHAA CL02) oULTILON) L TEND1301)
i SYni=l,
; _ REATLaTSATLONELR
37 e2FAYL
. sSFATL
) 9599, !
09 & Isgyn >
TP (CEGHAL LTI JLECS,I60 TO & ;
85s(1-1300FLR |
1F 05,67, 84) GOTO § ,
15 (1331}
€0 10 19
& CONTINUE
$ 85215
10 I6sP8/DEL Re2
-] . 17%27 /708, k42
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! N0 13 IsT6N
13 SUMISUNL ¢ 2, SSIGHAA ()
! SUMESUNLS STGHAALT6=$) ¢STSHAR (H)
s AVGTENSISUMSELR/ (2, ¢ (8=88) )
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SUNUTINE RAIFATLETINP, D, WS, 2F IS, KT, JELR, STCHAR, STCHAR, TAUYATY,
SW, TINS, CONPYLD, UL TSHR, TFATL o ¥RS, XRIS)

: THES SUWOUTINE NETERNINCS RISPICTIVE CANLT IF FAILED PLATE ARER 0JE 1)

THERMAL DECARNATION ALOYE, THERYAL STRESIES ALONEAND IN COYSINATION,
€ APSLIES TO 2020-F3 ALUMINUY ONLY.
:l'ﬁﬂst“ TENPEEE1) ,SICNARE 200D o STSHAR(L282) yTAINAX(20S)
D

R2s8,
Wes,
RS =t
vy,
-, Jolly
K=,
8,
¢ € ¢ . ¢
gesxeng

_JulriliLeg

89 5 IsdyNR
IFATEMPL 1.1 Te370,360 10 10
RFO= *SOELR

§ CaNTINYE

18 00 15 TsJ
IF (SIGRAR LTS LT CONPYLLIREnTONTLR
RF (STIGHAR (XY oCT ULTENSIRZe TONELR
TFSSETAUMAXCID 3 5T UL TSR Vs LoD R
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APPENDIX B

Algorithms used in Program TSTRESS
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Numerical Integration Algorithm

Numerical integration is applied in subroutines
STRESSR, STRONG, &nd RESTRNG to compute thermal stresses
and various residual strengths. In all cases, the trape-

zoidal rule is used (Ref 24:229), which gives

b h
{yax = 2 [ya+2ya+1+2ya+2+ +2Ya+n--1+ya+n] (109)

where

a,b = integration limits
£ (x)

<
"

h = segment length used to divide the interval,
a<x<b

n = (b-a)/h = number of segments into which inter-
val is divided

In FORTRAN code, a typical integration routine would be as

follows.

SUM = 0,
DO 50 I =J,M
50 SUM = SUM + 2.*Y(I)
SUMM = SUM + Y(J-1) + Y(M+l)
AB = SUMM * H/2, "

Numerical Computation of Thermal Stresseg near r = 0.

For a solid plate, the theirmal stresses are given by
egns (57) and (58). At the plate center where r = 0, these

eqns become indeterminant. Hence, seperate algorithms are

whw g AR d *
el < SR N
% S
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necessary to compute thermal stresses near r = (0. Assuming
finite temperatures, and applying 1‘Hopital's rule to eqns
(57) and (58) gives the following.

b
Opr(0) = cgg(0) = aE .L.[I Trdr--‘-‘l‘(O)] (110)
b* L0 :

A

This equation is numerically integrated in subroutine
STRESSR to obtain stresses at r = 0. _

It was also found that a special algorithm was reguired
for computing stresses at the first radial increment away
from r = 0 because egns (57) and (58) are still erroneous
for small values of r. The following term in these equa-
tions becomes erroneously large for very small values of r.

r
%2 5 Trdr
To evéluate this integral at the first radial increment,

rep.i. .2 the upper limit with r = AR, where AR = radial ele-

meat width. Assuming a linear temperature distribution be- '

tween r = 0 and r = AR,
T(x) = 7(0) [1-Pr] (111)

where

T(0) = temperature at r = 0

P = constant (slope of temperature distribution)

116
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Define
ARR = £ARerr = T(0) éARr(l-Pr)dr
The value of P is foun® as follows.
T(1) = 7(0) [1-P(AR}]

where

. T{(1) = temperature at r = AR

pal [l_rtl)]

Substituting into eqn (112) and integrating gives

¢~

ARR = (AR)?[T(0)/6+T(1)/3]

Y

(112)

(113)

(114)

(115)

This algorithm is used in cémputing thermal stresses at the

outer radius of the first radial element for a solid disk.

Radius of Melted Hole (RMELT)

- An elenent is considered to be melted (transformed

' »trém the solid to the liquid phase) when the temperature of

that ‘e'ement reaches the upper melting temperature (TUMELT)

. which is 638°C tor 2024-?3 aluminum. The phase change is

accounted for as. described in SGction vI. The assumption -

is made that the melt is :dmoved inttantaneoualy upon reach-

i
¥
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ing the upper melting temperature. Since the axially sym-
metric beam is considered to be located over the center of
a flat plate, melting produces a circular hole in the plate

which progressively grows radially with continued applica-

tion of heat flux. The hole growth ceases when the hole be-

cores sc large that any remaining irradiated plate area ab-
sorbs insufficient heat flux to produce firther melting.
The radius of the melted hole is given by

RMELT = I*DELR (116)

where

I = element number of outermost element which has

been heated to upper meltlng temperature (638°C)

DELR ® element radial width

H

| Radius of Failed Area due to Thermal Degrsdation (RFD)

This quantity is computed in Subroutine RADFAIL (lines
18 to 21). 1It'is bostulgted that a failed area, centered

at the coincident beam and plate cefiters, is generated or

» expanded whenever any of the three struétural strength pro-

pert;es is reduced to zero, as defined by Figures 2 through
4. As noted in Section VI, all three strength properties

of an element are taken to be zero if the temperature of

. that element is graatced than.379°C (for 2024-T3 aluminum).

Henée, the radius of a failed area due to thermal degrada-

- tion is conaidereé to be despendent on temperature only and

™
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is developed in a manner analagous to that of a hole due to

melting (RMELT). That is, the area radius is given by

RFD = I*DELR . (117)

where

I = element number of'outermost element which has
been heated to zero structural strength temp-
erature (370°C)

Radius of Failed Area due to Thermal Stresses (RFS)

This quantity is computed in Subroutine RADFAIL (lines
22 to 34) and. is based on the postulate that a beam axis
_centered féiled area is generated in the heated plate if
an& of:the three therm?l strebs components ex&eeds its re-
spective room temperature strength criterion. °‘This para-*
meter is used as a measuig o?-éhe failed area that would be
produced by thermal stresses indepegdent ot the action of’
structural strength theémfl dégra?ation. The thermal stres-
ses of each element ara'compare& te rcom temperature ulti-
mate ienaile strength) comﬁressive yield stfength, and ulti-
mate shear strength. ;f any of thesge ckiter#a are éxcee@ed
at. any element, the pléte material is‘congidered to have
zero Qtrength at the eleméntx‘ A failed area radius "is then
defined by the outermost radial element whf&h has reached a

4.

failure strength level, | i ' .

X
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Radius of Failed Area due to Combined Action of Thermal
Stresses and Degradation (RFDS)

This quantity is computed in Subroutine RADFAIL (lines
35 to 70) and is based on the postulate that a radial ele-
ment is reduced to zero strength if any of the three stress
components exceeds i;s respective élevated temperature
structural strength aé defined in Section VI. The radius
of a faiied area due to the combined action of thermal
strésses and thermgl degradat..on of sirnctural sérength is

determined by the outer radius of the outermost element

" which-has one or more stress components greated than its

failure strength.

-

Actual Radius of Failed Area (RFAIL)

Two optionS'concergiﬁg plate failure zones are provided
in'Program TSTRESS. Although étructq;ally failed areas are
defined by RFS, RFD, andzRFDé}‘itiis conceivable that these
failed circular areas might either remain in place in the
plate or be‘immediatery reﬁbved by somé source such as aero-
dynamic pressure. In either case‘ié is postulated that any
melted zone (RMELTY iq,ﬁmmediatgly'rembved. Hence, one

option iconsidered (defined by IR = 1, line 108 of TSTRESS)

. is that of allowing ahole to be formed by either of the

‘méchdnisméjdefibed by RMELT and RFDS. That is, the actual
licle yadius {RFAIL) would be the larger of the above radii,
in which case ihmediq;e removal of this zone is assumed re-

gardlaess of fﬁo‘fai;ure géchanism: The second option (de-
4 oo oL
fined by IR = 2) removes the falled area only if the failure

, oA
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mechanism is melting. That is the actual hole radius is al-
ways equal to RMELT, in which case laser beam heat fiux con-
tinues to be absorbed by the plate area within a structural-

"ly failed circle and outside the melted hole. As shown in

the sample output of TSTRESS, Appendix A, for ;ither of the
above options, all of the avove failed radii are listed.
Following the failed ;adii listing are léstings of the
stress components which caused‘failure due to thermal stres-

ses alone, and duvue to combined thermal stresses/degradation.

Failed Hole due to Stress Concentration (RFSC)

Following the above listings in thg sample output,‘Ap-
pendix A, is a table of failedihoie radius due to stress
COncentra;ion (RFSC) as a function of the‘remotely applied
tensile stress (SIGAPP) in the plane of the plate. The
juitial hole radius is taken as that due to structural fail-
ure. It is assumed that failure due to melting is associat-
ed with high temperatures at the edge of the hole which tend
to softon the material to the extent that stress concentra-
tions are‘negligible. For a plate in uniaxial tension, the
ratio of local tersile stress to the remotely applied ten-
sile stress is (Ref 21:399)

%98 w3 4lp+ )y (118)
o 2 2
o
4
where o
n = at/s? : : ) i
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a = hole radius = RFSC

) . Oe = remotely applied tensile stress = SIGAPP

—
{

Og = local tensile stress @r

If oy exceed; xoom temperﬁture ultimate tensile strength,
the failed radius (RFSC) is computed. Computations are
made for several values of remotely applied stress (SIGAPP).
These calculations éée made in Subroutine RADSC and in

TSTRESS .at lines 238 to 240.

Regidual Tensile Strength Due to Thermal Degradation (RESﬂEG)

The uniformly distributed, remotely applied tensile
force required to fail a solid plate in tension, consider-
ing only the effects of thermal degradation of ultimate

(') tensiie strength is given by (Ref 31)

.

» X 2'
_g? 5‘0(p)izdx éb 5 {o +MIT (x,t)~Ty] }dzdx (119)

where
o(t) = STRNGTH = RESDEG = residual tensile strength
due to thermal degradation
0o = Fi, = original unheated tensile strength

M = glope of thermal degradation plot of ulti-
muie tensrle strength vs. temperature

T(x,t) = local temperature of. pihte at dxstance x from
plate center

To » temperature carresponding to g,
b = 3B = plate width ‘ ' .
(ﬂ) Cy ‘ - plate thic}ﬁoss ’ " :
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Performing the indicated integrations on the left side and

integrating with respect to z on the right side gives

: L b

olt) = 5= _{ {oo+M[T(x,t)-T 1} dx {120)
Due to axial symmetry, this is eguivalent to

b
o(t” = % 5 {o tMIT(x,¢)-T_1} dx lel)

As discussed in Section VI, the thermal degradation curve

was approximated by two straight lines. Egnr (121) th=n be-

comes
N *®
o(t) = % { I {00, M, 1T (x,£) =T, ]} dx
.
+ 1 (oG [T 0x,8)=Tgy 1) ax} (122)
where bt = value of x where T(b*,t) = To2

To, = temperature at intessection of the two straight
"+ line approximations

M, = slope of degrhdation curve for 370°C > T(x,t) >
To2 . ‘ "

M; = slope of dagradation curve for To, < T(x,.t) <
' « ng ' !

To, = To

Oo; ® 0p = Fyo

Up,.= ultimate tensile strength at T,

~

Allowancg fex®a failed arsu At tiis plate center ia accounted
- ‘< . -
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for by beginning the integration at the edge 6f this area.

o(tf =

1§ b* .
. {b,r (002 +M2T (%, ¢} ~Ma Ty, JAx
£

k-2

b
+ {10014 T(x,£) Mo, ) ax} (123)

where be = BP = ralius of failed area
The following approximations also are made:
aoz ~ 0,75 00!

To, = 0°C

This results in the form of the algorithm used in subroutine

STRONG.
1 - W oo
o(t) = ;{(b 0.25k%~0.75bg) 0,
. b
—Halrozlb*~bf)-b£ T(x,t)dx]}

b
M, f T(xat)dx} (124)
b*

whiere: My = -200 /€8 for 2024-73 aluminum
M, = 55 B4R : i
0o, * }’to = 34,320 n/cm? o

T,y = 200°C

The proportion of the oéiqihalfuﬁheated ultimate tensile

124
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strength ie then computed as

PDEG = P = STRNGTH/0 , (125)

Residual Tensile Strength Due to Melting (RESMELT)

This guantity is a direct function of the reduction in
plate cross-sectiocnal area due to melting of a hole, and is

computed in the main program (lines 245-246) as follows
PMELT = (1-RMELT/B) (126)
RESMELT = PMELT*ULTENS (127)
where

proportion of original unheated ultimate
tensile strength remaining

PMELT

f

RMELT = radius of melted hole
B = plate radivs

Fpo = original unheated ultimate tensile

ULTENS =
strength
RESMELT = reaidual tensile strength due to effect

of melted hole only

Residual Strength Due to Thermal -Stresses (RESTRSS)

<&

The tensile load carrying capacity of the rectangular
platg at any time t, considering only the effects of thermal

stresses and & failed area at the plate center, is
PP, - op [20(b-bg)] = Ppy O (128)
tu a’ ] :Q-_u B»- ;
125
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where : , .

Pyey ™ room temperature ultimate tensile load streng:h

Og = thermal tensile stress averaged over area of
applied load

£ = plate thickness
b = plate radius or width/2
by = fadius of failed area

bs = radius at which tensile stress (cg) becomes
greater than zero

b = the greater of b, or b;

Dividing by the original plate cross-sectional area, 2bt,
gives the residual tensile strength due to,thermal stresses

only..

o = Peo (1-‘5’:.) - o, (1—%‘-) (129)

where

Fio = ULTENS = room temperature ultimate tensile
strength . ’

¢ = RESTRSS = residual tensile strength due to
thermal stresses only .
Dividing by Py, gives the proportion of the origiral tensile

strength remaining.

-~
’ PSTRSS = RESTRSS/ULTENS

The average tensile stress is computed:by numerical inte-

gration of
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b
- 1
Oa AVGTENS = FF; é‘aodr (130)

Residual Tensile Strength Due to the Combined Actions of

Melting, Thermal Stresses, and‘T@ermal Degradation (RESTRS2)
This algorithm is similar to th;t for thermal stresses

except that the elevated temperature ultimatza tensile

strength, averaged over the net section area, replaces the

room temperature ultimate strength.
b b
G =7 (1-_1).- o (1-__) (131)
tu b a b

where

0 = RESTRS2 = residual tensile strength due to
melting, thermal stresses and thermal degrada-
tion

Fyy = ULTEMP = elevated temperature ultimate tensile
strength averaged over net section area

by = by, = B7 = radius of failed area

ULTEMP ig computed by numerical integration of the thermal
degradation equations from Section VI for ultimate tensile

stiongth.

b
ULTEMP = 5%57 [ Peudr (132)
7

where

P 1

ULT(I) = qlcvgtcd'tempekature ultimate
tensile. strength . ,

N
. "\'
The proportion of room temperature ultimate.strength is

R
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PN NP,

PSTRS2 = RESTRS2/ULTENS {133)

Residus]l Tensile Stiength Due to FPailed Area (RESFAIL)

The above measures of residual strengths contain the
effects of a reduction in net section load-carrying area
due to melting or structural failure. The effect of the
structurall failed area on residual tensile strength is

computed.ia the main program (lines 249-250) as follows.

PO = (1-RFAIL/R) (134)

-

RESFAlL = ['OsULTENS {(135)
where

PO = proportion of room temperature ultimate tensile
strength remaining
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APPENDIX C

NASTRAN Validation of Program TSTRESS
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NASTRAN Validation of Program TSTRESS

To validate the one-dimensional radial heat conduction
program, temperature and thermal stress distributions were
compared with those from a two-dimensiQn&l finite element
analysis using NASTRAN (Ref 2). The NASTRAN finite element
model consisted of a segment of a_sdlid cyiinder as shown
in Pig. 28. The wedge shaped seg@ent-waéfdivided into 15.
radial elements and 5 depth elements. The radial width of
the elements varied from a fine mesh under the laser beam
to a relatively broad mesh at the outer radii. The element
thicknesses were constant, each being 1/5 of‘the plate
thickness.

"The wedge segment is sufficient to model the problem
of interest because of the axial symmetry of the heat flux
input which implies that the problem is independent of the
radial coordinate. The wedge angle was chosen to he 15
degrees to provide reasonable aspect ratios (width/length)
for the finite elements. The radius of the wedge was taken
as 15 cm to be consistent with the one-dimensional numeri-
cal radial flux model. In general, this study was restrict-
ed to large plate diameter/beam diameter ratios to minimize
the effect of this parameter or. the results. Also, as in
the numerical radial model, no heat'losses were considered
in the NASTRAN analysis.

The heat flux input to the surface elements under the
beam radius was approximated by using the flux density value

at the radial mi&point of each surface element. PFor a

130

A

- 2

e v o

A MRS ¢ oA S ah b o+ AR




90Ol JUBWOTH O3 TUTJ TEBUOTSUPUTQ-OML @2 *Td

x

T
T~
T ~——
-
T

J
—~——
~——
o
~—

/
/
. /
/

[ T~

\WV VNVW

191

~—~——]
i~
~—~—
~——




Gaussian beam, the heat flux density distribution is given

by eqn (9) as

-2r?/a?
I(r) = Ipae

where
a = 20 = beam radius

This is the same approximation used for the heat flux input
to the one-dimensional model. However, the one-dimensional
model has coustant width (radial) elements sized to achieve
a compromise between accuracy and computational efficiency.
This was initially accomplished by analyzing the effect of
reducing element width on computer time, and on temperature
and thermal stress values. An element width of 0.3 cm was
selected as a reasonable compromise based on the judgment
that larger widths gave significantly different temperatures
and thermal stresses while smaller widths produced very
small differences in temperatures and thevmal stresses but
rapidly increased computational cost.

Pigures 29 and 30 show comparisons of thermal stvesses
between the one-dimensional radial model and the NASTRAN
two-dimensional finite element results. Such comparisons
were made for four different input conditions' involving two
different heat flux densities and two plate éhicknesaes.

Only one beam diameter was considered, 3 cm. The results

presented in Figures 29 and 30 are typicai.' The NASTRAN
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stresses are at the heated, or front, surface. For the con-

, ditions listed in the figures, the heat conduction is pri-

marily radial as determined by comparing front and back sur-
face temperatures and stresses as partially listed in Table
I. The relatively small front-to-back differences in the
tehperatﬁres indicate that the axial heat flux vector com-

ponent is small since the heat conduction is directly pro-

portional to the spatial thermal gradient (reference egn (21)).

Two conclusions drawn from Fig. 29 are that the one-
dimensional radial flux mocdel does not give zero slopes in
;he stress distributions at r = 0, anﬁ that the radial flux
model stresses aprear to increase (become more pegative)
relative to the NASTRAN stresses with increasing time.

These trends also are exhibited in Fig. 30. 2ero slope at
r = 0 is required by the axial symmetry of the problem.

In order to evaluate the significance of these,trehds,
the temperature distributions were compared in greater de-
tail as shown in Fig 31. Solid curves were fitted through
the NASTRAN data, and the one~dimensional radial flux model
data for the same conditions ara represented by the triangle
symbol. The same trends exist in the tempsrature compari-
sons as noted for the praoviocus stress ccmparisons.

., The expanded radius scale allows all of the NASTRAN
grid point values to be plotted. In Figures 29 and 30
several of the grid point values near r = 0 were not plotted
in order to clarify the plot. 8Since the temperature compar-

isons showed similar results to the stress comparisons, the
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possibility that the differences noted are due to the dif-
ferences in element size was investigated. As shown by the
data in Pig. 31, the resolution of the NASTRAN finite ele-
ment model was much finer near the beam axis (r=0) than that
of the constant width elei.ent raaial flux model. For the
data presented thus far, the computational time increment
was 0.05 sec. in bota tue NASTRAN analysis and the one-
dimensional radial flux results. In order to reduce the
element size in the one-dimensional radial model to that of
the NASTRAN model under the beam, the heat conduction stabil-
ity criterion of egqn (28) requires a consequent reduction in
computational time increment. These combined.reductions re-
sult in a very large increase in computer time cost (on the

order of a factor of 20).

o e o w -

The element size for the one-dimensional radial model

was reduced to 0.05 cm, reguiring that the time increment be

rcduced to 0.002 sec, and the results are represented in

Fig. 31 by the square symbols. Comparison with the previcus
radial model data in the same figure shows that the smaller
element size does develop a flatter slope near r = 0. Hence,
it is concluded that thc ;pparent lack of zero slopes in the
one-dimensional radial model data is due to the relatively
coarse spatial resolution used to achieve a compromise with
computer run time.

The trend for the one~dimensional radial model values

to increase with time relative to the NASTRAN values is 1

still evident. The one~dimensional radial model with in- §
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creased resolution is seen to give slightly reduced values

(} ar r = 0 while those at the larger radii are increased es-
specially for the longer heating time. This result is be-

lieved to be least partially attributable to plate dia-

meter effect -. "~ he one-dimensional radial model code was
developed with a one-dimensional array storage limit of 100
spaces which was judged to be a reasonable upper limit on
the number of radial elements to be applied. For the anal-
ysis plotted in Pig. 31 with element widths of 0.05 cm, this
limited the plate radius to 5 cm. Recalling that the

é ‘ NASTRAN data are for a plate radius of 15 cm, it is reasoned
that the effect of.the insulated (no heat losses) plate edge :

is being felt and causing temperatures to increase at the

larger radii. If this is the case it would be expected that :
this effect would cause the outer radii temperatures rela-

tive to those from NASTRAN to increase with time. It would

be expected that this effcct would propsgate to smaller

radii with incressing tiwe. ,
The data in Fig. 31 are consistent with the expected
! effects of reducing the plate/beam diameter ratio, although

it is not certain whether this effect is significant enough

S et e dm ey b i rsan

to be causing the one-dimensional radial 5 second heating
time values to exceed the NASTRAN valﬁes near r = 0,

¢ Fig. 32 presents additional comparisons of temperature
distributions for a plate thickness of 0.3 cm. In this case
the heat flux vector contains a slightly larger axial compo-

(3 ‘ nent than for the 0.2 cm thick plate at corresponding heat-
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ing times. This is indicated by the comparison of the front
and back surface temperatures from the NASTRAN analysis as
shown in Fig. 32.

Comparison of the NASTRAN front surface and radial flux
temperatures shows the samc trends as noted in Fig. 31 for
the thinner plate. The effect of reducing the radial model
element width from 0.3 cm to 0.05 cm also was evaluated for
the thicker plate as shown in Pig. 33. Again the results
are similar to those of Pig. 31 and no additional insight
is provided on the poss%ble cause of the increase with time
of the radial model temperaturcs near r = 0 relative to
those from the NASTRAN analysis.

Based on the preceding comparisons, it is concluded
that the one-dimensional radial flux numerical model pro-
duces temperature distributions which are generally within
10 perccnt of those from the two-dimeﬁsional NASTRAN analy-
gis. Peak compressive stresses also are in close agrrnement
between the two analyses. Tensile stress distributions are
in reasonable agreement although conclusions regarding peak
tensile stresses are not dcfinite due to inadequate resolu-
tion in the NASTRAN finite element model at the larger radii
(see Fig. 30). Improved evaluation of the radial flux model
could be obtained by modifying the radial flux code to in-
crease the maximum number of elements from 100 to 300 which
would eliminate the plate size effect introduced by decreas-
ing the element width to 0.05 cm. Also the NASTRAN finite

alement model (FPig. 28) should have additional radial ele-
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ments added to improve the resolution in the areas where
peak tensile stresses occur; and NASTRAN data should be
genexated for longer heating times than 5 seccnds to better
evaluate the possible trend for the radial model tempera~

tures to increase with time relative to the NASTRAN tempera-

tures.
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