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6(z,t) Temperature rise caused by heat pulse(°C)
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[. Introduction

In order to satify the real needs of industry
using various steels, an ion nitriding (1, 2, 3, 4]
surface treatment on steel is most important because
of its enhancing material properties in wear,
erosion, and corrosion resistance protection. It is
then an important and interesting problem to
predict and measure the thermophysical properties
including thermal conductivity and thermal diffus-
ivity. In this work, the thermal diffusivity of
ion-nitrided steel is measured by a flash method.

In the flash method for measuring the thermal
diffusivity (5,6,7,8,9,10), a high intensity-short-
duration heat pulse of radiant energy from an
optical flash lamp or laser is used to irradiate one
of the two flat parallel surface of a homogeneous
sample and the subsequent history at the opposite
surface is monitored with a thermocouple or a
photomultiplier tube. The pulse raises the average
temperature of the sample only afew degree above
its initial value. The thermal diffusivity of the
sample material may then be deduced from the
shape of the resulting temperature transieent if
the heat diffusion equation has been solved for the
particular boundary conditions of the experiment.
In the simplest form of the experiment, it is as-
sumed that heat flow is one dimensional, that
material properties are temperature independent
and that the heat pulse is uniform over the sample
surface [5.6,7,8,9, 10).

The effect of non-instantaneous heat pulse on the
shape of the rear-face transient is important. Cape
and Lehman (8] have shown that this transient is
retarded with pulses of finite duration, referring
the retardation as the “finite pulse time effect”
(11,12,12,14]). Larson and Koyama [11] have shown
that one can completely eliminate those errors due
to the finite pulse time effect even for samples as
thin as /= (ar)“?by applying an empirical function
which more closely deceribes the pulse shape. Herel
is the thickness of the sample, « is the thermal

diffusivity, and ¢ is the time in seconds represe-
nting the duration of the heat pulse. The thickness
of the disk-shaped samples used in the experiment
is less than 4{ar)!72. The samples are made of the
homogeneous  diffusion layer of a ion-nitrided

steel.
[ . Mathematical Analysis

In the usual flash technique, the front surface
of the homogeneous sample is subjected to a heat
pulse and the resulting temperature rise of the rear
surface is recorded.

From this temperature rise, the thermal diffusi-
vity of the material is obtained by the computer
data reduction with mathematical analysis (11l

A realistic empirical function of the heat pulse
may be derived as follows. It has been found that
the representation of the pulse shape for the xenon
flash tube employed in the experiments is afforded
by a function of the form,

Q)= (Qut)exp(—xt), t>0 1)
where @, and » are adjustable parameters, and
this the time in seconds. The response of a photo-
diode detector to a typical pulse from the xenon
flash tube is shown in Figure By setting Qit=t»)=0
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Fig. 1. Response of the photodicde detector to
a pulse from xenon flash tute; dashed line repr-
esent functional approximation to the pulse skage.

in equation(1), where dot indicates time different-
iation and ¢» is the pulse peak time _g determired

from an oscilloscope trace of the rhotcdicde cutput,
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we gat x=1/¢>. Hanzs, equation (1) becomes
Q)= (Qit)exp(—t/ts), t>0. (2)
In ordzr to compare equation (1) with actual flash
tube bzhaviour, @{¢{) may bz normalized to unity
at thz maximum of thz oscilloscope trace. Thus
Q,=exp(l)/ts, and equation (2) becomes
Q&)= {(t/tr)exp(1—t/ts), t>0 (3)

The equation(3) is plotted in Figure 1.

It may bz sesn that this function satisfactorily
represents the pulse shape. The rate of energy
absorption may therfore be represented by

q(t)=(btyexp(—t/ts), t>>0, (4)
where, q(¢) is the rate of energy absorption per
unit area at the front face and b is a constant by

the requirement

j: q(t)dt=qo.

are, g is the total energy absorbad by unit area
of the surface. The above requirement leads to b=

a/ts%, so that equation(4) for the heat pulse
function becomes
a(t)=(qo/ts*)t exp(—t/ts), £>0. (5)

To solve the heat diffusion equation with the
appropriate boundary conditions, the "following
assumptions are made :

(1) Heat flow is one dimensional.

(2) There is no heat loss from the sample

surfaces.

(3) Heat pulse is uniformly absorbed on the front

surface.

An appropriate model corresponding to these
assumptions takes the form of slab of infinite extent
in the radial direction, with the parallel and planar
front and rear surface at z=0 and z=/, respe-
ctively.

At time #=0, when the slab is at temperature
‘Te» the front surface is uniformly irradiated by a
flash tube, which results in energy absorption of
the sample with temporal behaviour described by
-ejuation(5). The subsequent temperature history
is recorded at the rear surface. With these assump-
tions heat flow in the sample is described as follows,

— k2 (2,8) +PCO: (2, £) =0, 0<z</, >0, (6)
6(0<2<l, t=0,)=0, (7)

—£9:(2=0,>0) = (qo/ts%)t exp(—~t/ts), (8)
and
0:(z=1-£>0)=0. (9)
Here p is density, C is heat capacity, and K is
thermal conductivity. In equations (6) through (9),
the temperature excursion is denoted by 8 (z,¢)=
T(z,t)—To, where T(z,¢t) is the temperature in the
slab at location Z and at time ¢. Differentiation is
indicated by the notation 6.=d6/3z,
2= 3%0/8¢t2,
By using Laplace transformation, the following
transformed solution is obtajned.

Hcosh (ns!”,)

0(z,5)= 1 (109)
Sl/.?,sinh (yl/2,51/2) (S+E) 2'
where
H=1(g0/ts*) ] (KpC)72, (10-1)
n=y3(1~2/0), (10-2)
and
y=0/a, (10-3)

Here y is the heat diffusion time in sec.
The expression for the temperature excursion
is given by the inversion integral {15] as
9<2:t):§]‘{r7j‘xoi-: et cosh (nst/?)
L Jxp—2 Sl/z.SiDh(_y‘/z'S‘/z){S+?1j;)2
0<z<l. (11)
Taking the temperature excursion relative to the
final adiabatic equilibrium temperature difference
., a dimensionless variable W (z,z) is defined as
follows,
W(z,t)=0(z,¢)/0.., (12)
where
0.=T (t—00) ~To=g,/pCl
Dividing both sides of equation(11) by f.., the
following expression for W(z,¢) is obtained.

x »

R %0+ joo
Weo=5 " glods, 0<a<t, (1)
where, the integrand g(s) is given by

e‘cosh (ns'2)

gls)= :
Sl/2 Sinh (yl/Z_sl/Z) (S_’,.E__)B.
?

(14)

and
R=y'2/te
The integrand f(s) of equation (14) has the foll-
owing singularities:
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a branch point at s=0,
a pole at s=~1/ts,

and an infinite row of simple poles S: along the

negative real axis of the complex S plane corresp-
onding to the zeros of sinh (y%.5'%). A contour
consiting of the closed circuit ABDOEA, appropriate
to the above inversion, is given in Figure 2. On
and within this closed contour, the integrand g(s)
is analytic and single-valued since the contour
encloses no singularities. Hence by cauchy’s integral

theorem [16) one obtaines
jg(s)ds:[j“ﬂcﬁjpoz] g(s)ds=0.  (15)
using equation (13) and equation{l4), the following

expression is obtained.

'Fig. 2. Contour for the inversion of equation
(11); Laplace transform on the temperatule

excursion function.
From Figure 2,
Wia, t)~—v_7 Bm on glsyds. (16)
Line integral on C. around branch point s=0;
S o gls)ds=2rni/R (17)

Line integral around the poles S=Si;

o5 [ glyas=2200 55—y
=14 ck R k=1

exp (—#z%/y) cos (kx(1—2/I)
IR P =2y (18)
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where

r=y/tr=1%lats = Fa?, k=1,2, -
Line integral around pole s::-—‘;%:

rirl72.exp(—t/ts) €08 (n/t,"2)
R. Sin(r3)

2fc gle)ds=—

' ¢ " ”n
x [1 +2t—P+r1/~cotr”2+t’j,~2~tan(t—p%zﬂ(lf))

Expression for the temperature excursion ;

Pk s0050) ds:Ucf +2§J ca’ Zj CPJg(S) ds
(20)

Thus the following expression can be obtained
for the dimensionless temperature excursion by

combining equation (16), (17), (18), (19) and (20):

JiEXP(-Kt/y)cos(kry~in)
(r—FEn2)®

Wiz t)=1+2 rzil(-l
2

_r%exp(~—t/tpycos(t, "V 2 n) o, e
- 3. S [1+2t—;+r cot

PVE L, *tan( t;z;/é )] (21)

Equation (21) becomes, by setting Z=1,

sexp(—Ea%/y)

Vit = 1+2’2)—'( 3] r—F?

_r7%exp(—t/ts) b3 e )
5 sin 1k (1+2t;+ricotr Y, (22)
where V has the usual definition

_ 6=t Tx=lt)—T
V= = ) T

Equation (22) is used to compute thermal diffus-

ivity.
. Experimental Procedure -

The flash method is shown schematically in
Figure 3 using a flash lamp as the energy source

and an oscilloscope trace as the recording device.

THERNM i
° s
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Fig. 8. Outline of flash diffusivity apparatus.
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The success of the ﬁash téchnique depends upon
adequately meeting the boundary conditions of
theory. The front surface of the sample must be
uniformly irradiated. The thermocouple must me-
asure the actual rear surface temperature, and heat
losses must be minimized. Furthermore, the signal
must be large enough to be well above the ‘noise
level in the recording system, and the bandwidth
of the amplifier and recorder must be wide enough
to pass the signal without disturbances.

The xenon flash tube used in the experiment is a
commercially available unit (IL LI IND. CO. LTD.
SS-1200) consisting of a ring type quartz tube
dissipating 400 joules of energy in each flash.

In the present experiment, the reflecting mirror
which is made of aluminum foil was attached in
order to improve irradiation effect. The front face
of the saample were uniformly blackend with
camphor black to increase the amount of energy
absorbed. These sampless were mounted in a sample
holder at a short distance (less than S5cm)from the
flash tube. The front surface of the samples were
parallel to the axis of the xenon flash quartz tube
and the back surface of them was welded with a
chromel Alumel thermocouple wire with 0.Imm
diameter. The thermocouple wires were junctioned
at the center of the rear surface of the samples for
reducing the disturbing effects caused by heat loss
at the edge of the samples.

The output voltage from the thermocouple was
shown on a storage oscilloscope (Tektronix 7603)
and photographed with a polaroid land camera. The
maximum voltage was usually 200 to 320 x volts
indicating rear surface temperature rise of 5° to
8°C,

The sample holders must be opaque to prevent
irradiation of the back surface of the sample. In
order to reduce the heat transfer from the sample
to the sample noider by conduction, the contact
area is minimized. The sample thickness should also
be minimized for preventing the convective heat
transfer at the edge of the sample.

Instantaneous spark at the beginning of triggering

s

‘is caused by 1.5 volt trigger pulse, but the spark
. B y
‘did not influence the output signal on the oscillos-

cope, Since the trigger pulse was disappeared im-
mediately.

The temperature rise curve on the rear surface
of samples near room temperature is shown in
Figure 4. As shown in Figure 4, the signal reached
the sharp peak point at the beginning because ;of
trigger pulse, but rapidly comes back to the base

line and then rises slowly to the maximun point.

Fig. 4. Polaroid land print of the oscilloscpe

display of the detector output.

If the final temperature is reached very slowly
after an initially fast rise, it may indicate non-
uniform heating on the front surface. If the signal
gradually increases to the maximum temperatl‘lre‘
from the beginning to the end, it also represents
the heat loss from the sample surfaces.

It is necessary to find the peak time (time to.
reach the maximum intensity) of heat pulse to

obtain a better experimental results. The empirical

function for the heat pulse can be represented as

follows, .

QU= (2/ts) exp (1-t/t2): £>0, ’
where Q(¢) is an empirical intensity function of the
heat pulse, t is a time in seconds, and t, is the
time to reach the maximum intensity.

In the present experiment, a Korea photoelctronics
sp-1KL planar type silicon photodiode was used.
The photodiode detector has a peak spectral
response at 0.8z wavelength and has substantia}
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sensitivity in the infra-red region. The circuit struictures of a sample made of SCM 3 steel can

diagram of photode detector is shown in Figure 5. be compared with the compound and diffusion layer
T"i“vcc'TOV‘ in an jon-nitrided SCM 3 steel in the Figure 8 and
9.

. @SP—XKL :
rv—-ﬁ )C‘UT
N r ,

8P IKL PLANER TYPE SILICON  PHOTODIODE
csiars NPH TYPE SWITCHING TRANSISTOR

Fig. 5. Tasz circait of photodiods datector
Ths o3zillnszope trace of the *photodiode output
for ths xenon flash tube is shown in Figure 6.

Fig. 8. Metallographic view of ion-nitrided
steel (diffusion layer (a) +compound layer
(b)) SCM 3;5 torr, 550°c, 6hrs (400%).

% 2

Fig. 6. Photodiode output of the Xenon fiash
tube.

From the Figure 6, the peak time f» can be
easily determined as 1.4 milliseconds.

V. Discussions and Conclusions

It has been known that the nitrided material
would have the various compound and diffusion
layer according to the nitriding conditions. The
thickness of samples was determined according to
the nitrided layer to make a homogeneous sample.
The samples were wholly nitrided along the axial
direction. The compound layer was ground off to

make a homogeneou~s sample. o Fig. 9. Metallographic view of icn-nitrided
The metallographic structures of the non-nitrided steel (diffusion layer) SCM 3;5 torr, 550°C
sample is shown in Figure 7. The microscopic 12hrs (400 X).
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Taz1r2tizal tznparature risz with a constant
valuz of « fits the experimental temperature rise

very well as shown in Fig. 10.
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Fiz. 1). Tazoziizal rear facs transients and
exn2rimeatal oszilloszops trace points for
various samples.

Tazre’ore it may bz coacludad that influence
tendinz to distort ths shapz of ths expsrimental
tamporal transiznt away from therorstical shape is
almoast nazligible, Thz esparimantal results of the
tharmal diffusivity of non-nitrided steals and ion-
nitrided ste2ls at 22°c are listed in table I and

table 1I one anothear.

Table I, Thermal Diffusivity cf Stezls Bafore
Ton-Nitriding.

~aaat w{other

bm.’n_ ple ‘ L | Dia. | £1/2 . (?.20:0 S?urces
- .| (cm) { (cm) ((msec) (cm?/| (cm?/
JIS No. ]AISINo, 7| ses) | se0)
soM 2 (AS! o057 o7 140006
o |
SCM 3 iMSIma‘O-OgSO 1.535 17.0.0947
SCM 4 ‘\"\Ibﬂlm’o.oaga 1,483 18.50.0873
soMs ML o 0793 1,500 13.10.0854
H |
SCM 22 0.035 1| 1,510 13.80.0850
svemg ML h0sa7 2,000 13.80.0373 002
UUSS“f“DIBwO'O%Oi 150 33 |0.0356 °-{7%

a. obtained from Egq. (22)
b. from reference (17)

c. taken from referrance (18)
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Table II. Thermal Diffusivity of Ion-Nitrided
Steels

Sample l

{
| wat 22°¢
' Lcm) fDia.(cm)l t1/2 |

i (cm?

JIS No.| AISI Mo.’ ! (mSeC) /gec)

SCM 2| AISI 4130 0.0955 2.000 15.6 0.100
SCM 3| AISI 4135 0.0985 1.535 16.8 0.0970
SCM 4 AIST 4140 0.099 | 1.490 16.5 0.100
scnsﬂl‘\lsmusk 0.0785\\ 1,500 11.9) 0.0956
SCM 22 ‘ 0.080 | 1.470] 17.8 0.0931
SNCM 8 AIST1 4340 0.0975 2.010] 17.5; 0.0890

Dzviation of experimental data from the theore-
tical shape may come from the disturbances by
noise signal and non-uniform absorbing of heat
pulse at the front surfaces of samples, The exper-
imental apparatus for measuring thermal diffusivity
was designed to minimize all of the disturbances and
careful calibration was performed. Therefore the
maximum differences caused in the diffusivity meas-
urement were within 5% to the reported value.

From this study, we may draw the following
conclusions.

(1) The thermal diffusivity of ion nitrided steels

can be measured by flash method.

(2) Thermal diffusivity of the steels is increased

up to 16% by the ion nitriding surface tre-

atment.
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