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ABSTRACT

The problem of heating a finite silver sulfide slab with cw laser is studied using Laplace integral transform technique. For
a certain laser power irradiance an expression for the temperature profile within the slab is obtained. The temperature
variations with time for the front and rear surfaces are also obtained. The critical time required to initiate melting can
thus be computed. Computations for an illustrative example are given. The obtained results reveal.
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1. Introduction

Laser heating is an accepted process for industrial applications. The ability of high-power lasers (up to 1012 W/mz)
makes them useful for a variety of material processing techniques, such as spot welding, scribing, drilling of holes, laser
cutting, laser shock hardening, and laser glazing [1,3,4]. In the semiconductor industry many other applications of laser
heating are developed, including both local diffusion and alloying to form p-n junction. Indeed laser-solid interaction
have aroused considerable interest of many investigators. [1,3-8,10-13,16,17].

Different models and techniques are used to obtain solutions for topics related to such important problem. Trials are
still made in order to get solutions in a well-established form, applicable for practical computations.The study of laser
damage of the irradiated target is a serious problem either to avoid damage to extend their life time as in the case of
laser mirrors [5], or to initiate damage (melting) when it is necessary. The importance of this problem has encouraged
authors to develop several models both analytical or numerical to treat the suggested heating problem. The source
function in such attempts is considered to be either cw or pulsed laser. The aim of the present article is to study the
problem of laser heating of a homogenous finite slab of silver sulfide (AgZS ) material. This compound is of great

technological importance to be used as chemosensors and biosensor. [14] The optical absorption properties of the
synthesized nanomaterials indicate that nanoplates can be used as optical sensors [14]

Moreover, the silver sulfide thin films have photoconductivity and photovoltaic properties [9]. Thus this material is a
promising material in preparation of photovoltaic solar cells. It is an inorganic compound. Moreover, authors [18]
indicated the importance of using (AgZS ) semiconductor near-infrared (NIR) as a photocatalyst. It realized degradation

rate of the methylene blue dye equal 100% within two hours under sunlight exposure, which has technological
importance.

2. Theoretical approaches

In setting up the problem we shall consider a laser flux g (W/m?) incident in a perpendicular direction on the front

surface of a silver sulfide slab of thickness "d" along the x-direction.
The heat flow is considered one dimensional [1].
The case of cooling at both the front and rear surfaces is considered.

The laser irradiance q is assumed to be constant i.e CW laser is considered.

According to our model, a part of the incident laser flux will be reflected at the front surface and a part (Aq ) will be

absorbed by the slab material. where “A” is the absorption coefficient, The multireflections within the slab are
neglected.

The physical properties of the considered material are assumed to be temperature independent for simplicity. Heat
loses arising from convention at both the front and rear surfaces are considered while losses due to thermal radiation
are neglected.
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The heat diffusion equation for the considered problem is written in the form:

2
BT'thc,t) - T(J;,t) ,0 < x<d,t>0 W
0x

Where o = ch the thermal diffusivity of the slab material in terms of the thermal conductivity A (W/m K) and the
p

heat capacity per unit volume p Cp( +K ), Tis the excess temperature relative to the ambient temperature T, T=(T\ -
m
T)
Equation (1) is subjected to the following initial and boundary conditions:
T(x,0)= 0 (2)
At the front surface x=0
aT
_)‘Wpo:qu —h T(0,t) 3)

The Heat Balance Equation in an integral form is:

t d t t
JqAdt=[p c, T(x ) dx +f h,T(d,t) dt+[ h_T(0,t) dt 4
0 0 0 0

To solve equation (1) let us apply Laplace Integral transform technique, according to which, the Laplace transform of
equation (1) with respect to the time gives:

sT(x,s) — T(x,0)= a dd—;T(x, s) (5)
Considering condition (2), equation (5) attains the from:

sT(x, s)=a :—; T(x, s) (6)
The solution of equation (6) in the usual manner attains the form:

?(x, s)= C1 exp exp (\/gx) + C2 exp exp (— \/gx) @)

The Laplace transform of the conditions (3) and (4) gives:

d = .4 T
}\ET(O’ 5)=-— -+ hDT 0,s) (8)
And
q A d _ h, = h —
- =[p Cp T(x,s) dx +— T{d,s) + TT(O’ s) 9
0

Substitute from (7) into in equation (9) one gets

q,4 a s o a s o h,
7 TPe, [\/T €, exp exp (\/7 d) ' Cl] - F Cp[ VT Gy expexp (— Ve d) ' CJ*T
S h S ho
C, exp exp (« = d) +Td C, exp exp (— = d) +—=(C, +C) (10)

A (Cﬂ/g B Cz\/g) - % th(C +C) (D

To find C1 and C2 one has to solve both equations (10) and (11) simultaneously.

While equation (8) gives:

Equation (11) can be rearranged to give:
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h s S S sh
Aqo=C17\ - - s\/T +C27\ A=+ — (12)
Equation (12) can further be rewritten as:
Aq°=C1a+C2b (13)
Where,
h s s
a=A|—5 — s\/+& (14)
and

b=AFNE§+- f°] (15)

Equation (10) can be rewritten as:

Y h h

q;z =C1[pcp1/% expexp(q/%d)— 1/%pcp+ Td expexp(q/%d) + T]

—c [« =)o =y e =g - X 16
2|PC, "\ expexp " SPC, ~ €Xp exp m . (16)

Equation (16) can be rewritten as:

q.A
=69 - Gh 17)
Where,
o S o hd S hc
g= pcpw/T exp exp (1/? d) -\ pc, + —— expexp (1/? d) + = (18)
and,

h h
h=pcpq/% expexp(—q/%d)— 1/%pcp— Tdexpexp(—w/%d) - = (19)

Solving equations (13) and (17) simultaneously one gets:

Aq ()
Cl = (ah+ gb) (20)
and
Aq|9-%
¢, =—@wap @

Let us substitute for C1 and C2 into equation (7) one gets:

_ Aq (h+l Aql9-%
T(x,s) = %mlexp exp (« |= x) + %lmlexp exp (— = x) (22)

Let us simplify both the numerator and the denominator in equation (22) in the following steps:

The numerator has the form:

Aq. [h exp exp ('\ /% x) + Lzexp exp (« /% x) + gexpexp (— \ /% x) — —-exp exp (— \ /% x) ] (23)
N N

Substituting for a,b,g and h from equations (14),(15),(18) and (19) into equation (23) one gets the numerator in the
form:

A qo[p c, \/gexp exp (— \/gd) — \/gp ¢, = % exp exp (— \/gd) - hT] exp exp (\/gx)
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h
# A+ ewen (i
+A N A= d|— A= ;L A[=d| + . — /=
qo P Cp ry exp exp 7 ry P Cp < exp exp o - exp exp I X
h, A s s
—4q, eXP(T - s—\/;)exp (— Vo x) (24)

Equation (24) can be rearranged in the form:

Aqapcpwl%«/% (x —d)+exp —= (x — d)
—Aqpc A/=[expexp~/— x + exp —~/— x] —Aq L[expexp«/i x
o 14 N o o o § o
S hd S S he S S
—exp —A\|— x] +Aq T d—x)—exp —+/— (d—-x)] +Aq —[expexp~/— x — exp —~[7 ¥]
A
+ Aq == x + exp —/= (25)

Considering the hyperbolic functions

2 (26)

—e
2

. . e
sinh sinh x =

Equation (25) can thus be rewritten as:

o S o S
2Aq°pcp117 coshr[— (x — d) — ZAqopcpwlT cosh coshA|— x
h'u . . S hd . . S hc . . S
— 2Aq —sinhsinh+/— x + 2Aq — sinhsinh~/= (d — x) + 2Aq —sinhsinh+/— x
o S [0 o S o o § 04
+2Aqoi‘ =cosh cosh~ /= x (27)

We finally obtained the numerator in the form:

[od s A s a s
2 (A apc\T )COShW/? (x—d)+ 2(A QQT\/;— Aqu%ﬂ;)coshcosh«/? x

h
+ 2(Aq =) sinhsinh~/= (d — x) (28)
From equation (22), the denominator equals
(ah+bg)

To simplify the denominator, let us substitute for a,b,g and h once more from equations (14),(15),(18) and (19) it attains
the form:

(hos - As\/%)[p cp\/%iexp exp (— \/gd) - \/%p €, % exp exp (— \/gd) - hT]
+ (?\s\/% + hos)[p cp\/%iexp exp (\/gd) - \/%7p c, + % exp exp (\/gd) +

Equation (29) can be rearranged to give:

o e () e, 2 emenn () -

mln:"

] (29)
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—}\s\/i[pc expexp( «/ d) Nas SPc,— Td expexp( «/ d) - —]
o hy S h.
+)\s\/7[pc expexp('\/ d) '\/S pcp + = expexp( m d) + S]+hos
a s [od hd S h,
[pcp«/T expexp( Td)_ wlTpCp+ = expexp( Td) + T] B0

Equation (30) can further be rearranged to be in the form:

hospcp\/g(exp(\/gd) + exp(— \/gd)) _2 hospcp\/g
+hh d(exp( = d) - exp(— NS d)) +Aspe (exp( o d) - exp(— N d))
+ 7\5\/3 };d (exp(\/gd) + exp(— \/gd)) + 2 ho}\\/% 31

Equation (31) can be rewritten in the form:

2h°spcp\/%7coshcosh(\/§d) — Zhospcp\/E+ Zhehdsinhsinh (\/gd)+ 2 Aspcp (\/gd)
+ 20~ [<h, cosh cosh (\/; d) +2h A= (32)

Taking into account that:

2h A= = 2h04/?\spcp (33)

and

Jo _ /
2hospcp . 2h Aspcp (34)

Moreover, it is worth to note that.

ras spcA _
2hospcp«/3 =2h —”—Spcp —Zhoqﬁ\spcp (35)
and

3 spcA?
2h A% = 2h === 2h, ispc) (36)

This makes it possible to write equation (32) for the denominator in the form:

2 cosh cosh( % d)(ho + hd )4 /s?\pcp + 2sinh sinh (« /% d)(hahd + Asp cp) (37)

Finally we get the following expression for T(x, s) from equations (28) and (37) in the form:

2 (A arec, @)cosh\/g(x—d)+2(A q%\/%— Aq p <, @)cosh\/%x +2 \/%7 (d—x)

2 coshcosh ( % d)4 [sAp <, (h, +hd )+2sinhsinh ( % d)( hchd+)\ sp cp)

(38)

We cannot find from the standard tables, the inverse Laplace transform for equation (38).

On the basis of mathematical logic one can simplify the expression of the denominator equation (37) as follows:

Since the heat transfer coefficient h = 10 also h = 10 —K
m

One can conclude that
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hh, > (h +h)

Moreover, Asp c, > [SAp c,

This makes it possible to put the denominator as follows:

- 2(\/%7 d) (39)

We still cannot find the Laplace inverse transform for Y_"(x, s) that is because the denominator consists of two terms:
Let us proceed as follows:

Since one cannot evaluate the order of magnitude of the term A sp c, relative to the term hohd, we shall consider two

probabilities as follows:

(i) The case for which hohd > Asp cp ,
(ii) The case for which A sp c, > hohd

Thus we shall have eight expressions for both probabilities, that is because the numerator consists of four terms.

For the first probability (hohd >> Asp cp)
let, T(x,s)=T (x5)+T,(xs)+T,(xs)+T,(x5) (40)
For the second probability (A sp c, >> hnhd)
let, T (x,s) = Fl (x,5) + 7‘2 (x,5) + ?3 (x,5) + 7’4 (x,s) (41

where

2 (A q,pc,n /%)cosh« /% (x—d)
)
S s
ZhOhd sinhsinh ('\, « d)

T (x5) = (42)

2 (A qw%\/%) cosh\/g X (43)

T X,S)= )
»(59) 2h o sinhsinh (\/Ed)
_ -2 (Aqp <, E)cosh\/gx
T3(x, s)= = ) (44)
2sinhh . sinh (\/j d)
h
- 2 (A q —)sinhsinh+ /-~ (d—x)
T4(x, S) _ q,—, - )sinhsin \/;T X (45)
2h b sinhsinh (\/: d)
For the second probability (A sp c, >> hshd)
?’ *( ) 2 (A a.rc, \/%7)cosh\/;lz(x—d) (46)
X,5) = )
1 Z(Asp <, )sinhsinh (\/gd)
- * 2 (A A L) NS
TZ (x, S) _ ILS\/: cos \/?x (47)

2( Asp <, )sinhsinh (\/%d) '
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F *( ) -2 (A‘ch,j\/g) cash\/gx
x,S) =
3 2( Asp <, )sinhsinh (\/gd)
h
_* 2 (A q,—*)sinhsinh~ /= (d—x)
T4 (x,s) = \/7

ZSinh( Asp <, )sinh ( %d)
According to the standard tables of special Laplace transform:[17]

One finds the following transformations:

2 2
—nmt

\ coshcosh x /s _ l d nmx
1 = Z (- 1) e . cos—

4 xﬁ sinhsinh ax/g

2 2
o —nmt
2 sinhsinh x+s — xt + 24 —lzn 1— e & S sin nmx
3 3 a
T n

2. . a
s sinhsinh ax/g n=1
2 2
(o) n -nmt
( ) sinhsinh xx/g _ L 2 Z d sin nmx
ssinhsinh a+/s a n et ’ a

These make it possible to get the inverse transform of equations (42)-(49) in the form:

For the first probability (hohd >> Asp cp)

2_2

= ta
Agpc a 2Aq pc a *® n = _

— ) D _ d nn(x—d

Tl(x,t)— "hd + Thd (=1 e cos—

— Ztrx
—Aqrpc, | o 2a s n ndg nimx
T(xt)_TL7+Tzl(_1)e cos—;
n=

Aqn _ *® —_1\" z ) _
T, t)=—— (&) +ZT y Lo ¢ sipindn

For the second probability (A sp c, >> huhd)

* Aqat 24q.d % (—1)"[ z n(x—d
Tl(x,t)z IV o ) - — 1 |cos 2=

Note:

L {(s)} f Fwdu [2]

00 7n2nzta
* _ Aq, t 2d " & nmx
Tz(x,t)—pcp {7+—22—29 — 1fcos—;

(48)

(49

(50)

(51

(52)

(53)

€L

(55)

(56)

57
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* Aqh _ 2 ® N\t 77"222“‘ _
T4 (xt) = Ny {(d 0ty 2d3 ¥ (=1 [1 —e ¢ }Sinnn(d x)} 61)
P

d aT 3 d
n=1 " l

Thus the temperature profile for the first probability (hohd >> Asp cp) can be written in the form:

Agpc a 2Aqpc a *© i Aq A it
_ PE, Po _ n & nm(x—d) . N nmx
T(x, t)= " d + { Thd 21 (D e cos— + ", Z (- 1) e cos—,
n=
Agpc ® st Aq ) N —n’rta
_ . o 20 _ n & nmx . (d—x) 2 =D & . nn(d—x)
—thhd {—d += Zl( e cos——r+ i -+ 21 e sin— (62)
n= n=

Equation (62) can be rearranged to give:

[oe) —n'mta o) —n'mta
_ Agqpca 2Aqpc o n g nm(x—d) A4, | (a-x) 2 (-1) £ . nm(d—x)
T(x,t)= T, d + { T 21 (=1 e cos—3 + n —+— X e sin—_—
n= n=

The temperature profile for the second probability

(Asp <, >> hohd) can be written as:

Aqat 2Aq d ® _""m _
T(x, )=—7"+ { - 1]005@
7n2nzta

Aq, t Zd & nmnx

+ oo {7 <X [ — 1Jcos— }

{ 2L Z i—L(e “ — 1)cos nzx}

Aqh, ® S _
e (d— x)t 2d ¥ ( 13) 1-e © )sin nn(tz x) (64)
P n=1 "

This profile can further be simplified to be in the form

7n1tta

Aq at 2Aq d *© _1\!
T(x, t)= + y L0 [e L 1COSM

Ad A ‘ITZ n=1 —le

2 2
—n'm ta

Aqhy | vt 24 o (<" e . nmn(d—x)
+ W {T + ? » T(l - e )smT (65)

n=1

Expression (65) indicates that as the coefficient of cooling hd increases the temperature increases. This contradicts the

well known physical behavior according to which as cooling increases the temperature of the target decreases.

To overcome this situation one has to modify the original expression for T4 (x, s) written in the form:

h
—* 2 (A q,—)sinhsinh~ /= (d—x)
T (x,5)= \/7 (66)
4 Zsinh(hwhd+ Asp c, )sinh ( % d)
Let us divide both the numerator and the denominator in equation (66) by hd, one gets:
— 2 (A q_)sinhsinh % (d—x)
T4 (x,5)= \/7 (67)

As?
Zsinh(hz s+—
d

P% )sinh (\/Ed)
Discussing the order of magnitude of different terms in equation (67) one finds that:
Aspc
h S>>—hL
d

©0 8
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Since h = hd =10° W/mZK

Thus one can write for 74 (x, s) the following expression

—_* 2 A g sinhsinh % (d—x)
T, (x,s)= \/7 (68)
4 2( %d)
The Laplace inverse transform of equation (68) gives: [2]
- *_ Aq, (d—x)
T, = h, Bt
oo —nznztu
2 -1)" Z . d—
+=3 i—nL e ! smﬂd—xL} (69)
n=1
Finally for the second probability one gets the modified expression in the form:
Aq at 24q.d * 4 Sk _
T(x,t)= —7— +—= y LD e ¢ —1cosm(z—d)
n=1 "
7nvn ta
4 — {i_L + = Z l_L & sin&‘fi_’i} (70)
n=1

Equation (70) does not satisfy the condition (2) for which T(x,0)=0 (2),

instead one gets:

Aq, _ PP I 3
T(x’0)=T{(df¢X)+%2 (;) Slnnn(‘; x)}

n=1
(71)

Thus to satisfy the condition (2) one has to subtract equation (71) from equation (70) to get the profile for the second
probability in the form:

2 2
—n T ta

Aq at 24qd ° Lﬁz”‘ 5 Aq o " B
T(x, t): —+ Z ( 13 [e P 1:|COS nn(z d) + ZT Z 1) (e O 1) sin nm(d—x) (72)

Ad Am? _ h d
n=1 "

Moreover, Equation (63) for the first probability does not also satisfy the condition in equation (2), T(x,0)=0.

Instead one gets:
Aqpc a 2Aq pc «a *® n —d Aq, d— 1 i d—
T(x,0) = =75 +{ e 21(_ 1)" cos 2 )}+ T {( 2+ Z = ) sin 222 x)} (73)
n=

Thus we have to subtract equation (73) form equation (63) to get the profile for the first probability (hohd > Asp cp) in

the form:

2A 7n7;ta< A 7711:&1
T(x, t):{ e z - 1" ¢ - 1)cos "“(’;‘d)}+ hj; { Z ) sinL‘;"‘l} (74)

n=

Thus the total profile for the problem for both probabilities is the sum of equations (72) and (74).

This gives
—n‘r(m _ Aq —n‘r;to(
T(x,t) = { o Z (- D" © - 1)cos nn(’; 9 }+ - { Z LL e © -1 smm}
° n=
Aq at 24qd 2 (—1)" 7";# nm(x—d)
+ 0t = nﬁ_ll ~ [1 —e cos— (75)
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3. Computations

. . . . ) . . -3
As an illustrative example computations for a slab of silver sulfide material of thickness d=1x10 "~ m, irradiated by a

N 8
constant laser irradiance (cw laser) of value g = 0.5 x10 W /m?.

The thermal and optical properties of the slab material are assumed to be temperature independent and are given in
table 1 [15].

Cooling conditions at the front and rear surfaces of the slab are considered through the coefficient of heat transfer by

6 2 6 2
convection at the front surface h = 10" w/m K and that at the rear surface hd =10 w/m K.

Table I. The physical, thermal and optical properties of the silver sulfide (AgZS) slab material [15]

p A c « T

Material 3 P . m A
(kg/ m") (W/m.K) (J/ kg.K) (m?/sec) (K)

Silver sulfide 7234 25 309 1.12% 1()_5 1098 0.7

Computations using (equation 75) for the profiles T(0.t),T(d,t) and T(x,t) are performed with the aid of MATLAB-2022
version.

The obtained results are given in tables 2,3 and 4 and are illustrated graphically in Fig.1,2 and 3 respectively.

Table 2. The front surface temperature T(0, t), K.

Time (t) /second T(0, t),K
0 0
0.5%10-2 314.8418
1x10~> 469.0836
L 510~ 587.8606
%10~ 689.1478
S 5x10-2 780.6792
3x10~> 866.6308
3 5%10"2 949.3755
4102 1030.3
4.2x10° 1062.3
4.4x10° 1094.2
4.425x10°° (¢ 1098.2
)

OO0 "
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Table 3. The rear surface temperature T(d, t), K.

Time (t)/second T(d,t),K

0 0

1x 10—2 13.1563
1. 5><10_2 52.6594
2)(10_2 108.3344
2. 5><10_2 173.6207
3><10_2 244.4711
3. 5X10_2 318.5266
4-)(10_2 394.4267

Table 4. The temperature profile T(x, t), K

att = 3x10 ° sec.

X/m T(x, t),K

0 866.6308
0% 1073 746.9854
03x 1073 612.5593
04x 1073 523.4662
05% 1073 454.2109
06x 1073 379.5121
07% 1073 320.4793
08x 1073 289.4523
0.9% 107 265.8939
1% 1073 244.4711

(GMON

11



Journal of Advances in Physics Vol 22 (2024) ISSN: 2347-3487

https://rajpub.com/index.php/jap

1200

1000

800

600

400

T

Temperature T(0,t),K

200

0
0

|
0.005

|
0.01

|
0.015

| |
0.02 0.025
time,second

Figure 1. The temperature of the front surface T'(0, t), K .
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Figure 3. The temperature profile T(x, t), K att = 3x10° sec.
4. Conclusions
The obtained results make it possible to highlight the following conclusions:

1- Laplace integral transfer technique is promising in solving heat transfer problems though it is somewhat
cumbersome.

2- The obtained mathematical expressions for the profiles reveal that the dependence of these profiles on both
the laser irradiance q_ W /m? and the optical absorption A is linear.

3- The dependence of these profiles on the other physical and thermal parameters is not linear.

4- The expressions for the profiles T(0.t), T(d,t) and T(x,t) are obtained in a simple form. This is important for
practical and technological applications.

5- The critical time (tCT) required to initiate melting (damage) at the front surface can easily be obtained for which

one can put T(O, tcr)sz , Where Tm is the melting temperature of the slab material. For the considered target

t =4 425x%10 " ° second.
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