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Transverse depth-profilometric hardness photothermal phase imaging
of heat treated steels
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A method to image near-surface hardness profiles of heat-treated case-hardened steels using laser
infrared photothermal radiometric phase imaging is described. It is shown that thermophysical and
mechanical transverse inhomogeneity profiles in industrial case hardened steel samples are well
correlated. Phase surface scanning imaging leads to a practical criterion for assessing transverse
hardness homogeneity. A simple method based on phase imaging is proposed as a quantitative
criterion to determine which steel samples should be rejected for thermal-wave depth-profilometric
reconstruction of thermal diffusivity or conductivity. @003 American Institute of Physics.
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INTRODUCTION and then focused onto the surface of the sample with a spot
size of 1 mm. The harmonically modulated infraf@lanck

Industrial steels are often treated by the addition of car= " " _ . )
adiation from the optically excited sample surface is col-

bon and nitrogen, followed by a quenching process in orde

to produce parts with a tough case. During the heat-treatin c(';eorll an(;i colllrr:jated by l’[jifv%g:_f-agls parab_(l)_lr:mda] mljr?rs
process, it is possible that a particular sample develops u ind then focused onto a Hg e detector. The signal from

desired lateraltransversghardness inhomogeneities, in ad- the detector is e_xmplifieq _by a Io_w—n_ois_e preamplifie_r and then
dition to the desired depth inhomogeneity. sent to a lock-in amplifier which is interfaced with a PC.

Much work has been done on the non-destructive evaluCYlindrical samples 1 in. in diameter and 1 cm thick were

ation of metals using thermal waves. The field of nondestructUt frpm a bar_ of AISI 1018 steel. The chemical composition
tive evaluation with thermal waves has been reviewed by this steel is 0.15%-0.2% C and 0.6%-0.9% Mn. The
Busse' In another review, Busse and Walther reviewed theSUrfaces of the samples were ground with a 44, 54, 60 grit
photothermal  nondestructive  evaluation  of variousSand-wheel. The samples were subsequently carb_onltnded
materials? In particular, thermal waves have been used tg2nd thermally 'quenched. The samples were trea'ted n a-Sur-
determine the depth of structures in metals, for the detectioff¢® Combustion Super 30 allcase furnace, equipped with a
of faults and also for determining thicknesses and propertie@P c00l chamber for slow cooling processes. For the carbo-
of hardened layers. Jaarinenal® determined the variation Nitriding process, a base atmosphere consisting of nitrogen
of thermal diffusivity with depth. For metals, the evaluations@nd methanol was used. The aim was to produce a nominal
appear to be limited to detection of areas of prior deformaCaIier gas composition consisting of 40% nitrogen, 40% hy-
tion, fault inspection, profile analysis of seams, and depttfirogen, and 20% CO. To this base atmosphere an addition of
profiling. It was also shown that photoacoustic phase angl€nriching methane (Cf) and ammonia (Ni) gas was used.
scanning can be used to measure subsurface structure Tihe ammonia was present thrqughout the entire cycle. .
metals? The scanning methodology used permitted the iden- A Photograph of a carbonitrided 1018 steel sample is
tification of small holes hidden under a carefully ground sur-Shown in Fig. 2. It is clear from the photograph that the
face of an aluminum sample. While the use of thermal wavesurface of this particular sample contains some nonuniformi-
to investigate various properties of metals is not new, thdies in color. These opt_ical nonunifqrmities were generate(_j at
present imaging method to investigate the degree of trangocations which were in contact with the bas_ket supporting
verse hardness homogeneity in a metal and to use it as g€ Stéel samples during the furnace processing cycle. There-
criterion to define thermomechanical homogeneity does ndPre: the question arises as to whether this inhomogeneity is

appear to have been previously considered. purely optical (confined to the surfageor if it represents
hardness inhomogeneities at greater depths. To this end, the
EXPERIMENTAL AND RESULTS surface of the sample was scanned at 10 Hz using infrared

photothermal radiometry. The results were mapped and are
The experimental setup for photothermal radiometricshown in Fig. 3. Since the amplitude of the signal is propor-
(PTR) hardness imaging is shown in Fig. 1. It consists of ational to (1— R), whereR is the surface reflectancejaria-
high-power semiconductor laser the output of which istions in the signal amplitude over the sample surface re-
current-modulated(w). The beam is expanded, collimated semble the shape of the discolored region of Fig. 2.
However, alongside the variation in signal amplitude over
Author to whom correspondence should be addressed; electronic maifl€ Sample surface there is a variation in signal phase as well.
baddour@mie.utoronto.ca The photothermal phase is independent of the factor (1
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—R)? and thus is independent of the optical properties of the
surface. The contrast in the phase scan of Fig. 3 suggests thgs 3. pTR surface maps of framed area in Fig. 2 with 10 Hz modulated
possibility of thermophysical and/or mechanical inhomoge-beam(nonhomogeneous sample
neities across the sample.

Over a range of phase angles, the exact relationship be-
tween surface value of the thermal wave field and thermagmall range of phases such as those found in the phase maps,
diffusivity, «, for a homogeneous semi-infinite solid is given the relationship between the phaseTaind thermal diffusiv-

by ity, «, can be accurately represented as being linear;
- \ 242 argT(a; wg)}=c,a+cC,, wherec, andc, can be found by a
T(a;wo)=f ————exp- ——\ da, (1) simple linear fitti_ng. This is_ accomplished by plotting t_he
0 JVA+o 4 phase of Eq(1), given a particular frequency and beam size,

against a small range of thermal diffusivity centered around a
chosen reference thermal diffusivity value. In this work, the
measured value of thermal diffusivity of the bulk was used.
The linearity can be exploited to quickly determine the
change inaveragethermal diffusivity across the surface of a
sample. At the chosen points, this gives a measure of the
mean thermal diffusivity within a thermal diffusion length. A
surface map of average thermal diffusivity of the sample in
Fig. 3 is shown in Fig. 4. A change in the chosen reference
thermal diffusivity value will change the absolute thermal
diffusivity values as given in Fig. 4 but will preserve the
relative changes in thermal diffusivity.

For comparison purposes, a similar phase/amplitude
mapping was performed on a visually homogeneous sample
and is presented in Fig. 5. From the very small sigiaah-
plitude and phagevariations across this map, the homoge-
neity of the sample is obvious. Figures 6 and 7 show addi-
tional surface scans performed on yet another sample. This
sample is made of AISI 8620 steel, carburized and quenched
FIG. 2. Example of a nonhomogeneous AISI 1018 steel sample and bounc![1 a heat treatme_n_t similar to that for the 1018 steel. The
aries of PTR mapping range. The dashed line indicates the locations of PTRN€MIcal composition of AISI 8620 steel contains 0.18%-—
and mechanical hardness scans as shown in Figs. 8 and 9. 0.23% C, 0.70%-0.90% Mn, 0.40-0.70 Ni, 0.40%-0.60%

whereo?=iwq/a, wg is a fixed angular frequency, amds
the diameter of the beafrSinceT is a complex number, we
only consider the phase dependenceacorHowever, for a

Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 94, No. 9, 1 November 2003

10

Thermal
Diffusivity
x10° m’s

W 142 - 148
a0 - 142

B 118 - 120
| RUFISRTI

X (mm)

FIG. 4. Average thermal diffusivity surface map of framed area in Fig. 2.

Cr, and 0.15%-0.25% Mo. This sample is inhomogeneous
and this can be seen quite well in the phase mappings per-
formed at both 10 Hz and 1 kHz. It should be noted that

low-frequency phase variations of up to 2° constitute severe
near-surface thermophysical inhomogeneity and possibly

strong hardness inhomogeneity, Figs. 3, 6, and 7, whereas

phase variations of less than 0.5° are benchmarks of a ther-
mophysically and possibly mechanically homogeneous
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FIG. 6. PTR surface map of a nonhomogeneous AlSI 8620 steel sample
with 10 Hz modulated beam.

sample, Fig. 5. Figures 6 and 7 show that amplitude scans
are dominated by changes in optical reflectance and thus im-
ages obtained at different frequencies vary little. On the other
hand, phase images can vary significantly as they are domi-
nated by thermophysical properties within depths on the or-
der of the thermal diffusion length. Although optical inho-
mogeneities (amplitude images can be indicators of
thermomechanical inhomogeneitigdhase imagesas in Fig.
3, this is not always the cage.g., Figs. 6 and)7

To illustrate the foregoing observations and correlate
mechanical and thermal-wave image profiles, PTR radial line
scans were performed on a fixed radius of the sample of Fig.
2 at three different frequencies: 10, 100, and 1000 Hz. At
each frequengya 1 mmsize beam was employed and mea-
surements were made at eight different points across the ra-
dius indicated by dashed lines in Fig. 2. The PTR amplitude
and phase signal results are shown in Fig. 8. The shape of the
signal amplitude across the scanned diameter remains essen-
tially the same for the three frequencies, an indication that
the surface optical reflectance dominates the PTR amplitude.
However, the shape of the signal phase changes with fre-
quency and thus points to changing thermal properties of the
sample across the transverse scan. The implication here is
that PTR phase imaging such as shown in Figb),3(b),

FIG. 5. PTR surface maps of a homogeneous AlSI 1018 steel sample Witﬁnd Ab) is capable of yielding subsurface depth profilomet-

10 Hz modulated beam.

ric hardness images at different frequencies.

Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



5546 J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Liu, Baddour, and Mandelis

8.3 (@) 1709 {b)

< 82 178.8

Amplitude 378
(mV) E 7.7

76
+ 179.4+
-7.000 20 2 46 81012141618 -2 0 2 4 6 8 101214 16 18
’ 8.125

Position {mm) it
9.250 Position {mm)

10.38
11.50
12.63 .
13.75 2 305 =
14.88 & 200 3
16.00 ) Py

g

'Y

Phase (Deg)
3 3 3
@ @

Y (mm)

310 (c) 1644 (d)

< 290 163.6

2854 1634+
20 2 46 81012141618 -2 0 2 4 6 8 1012 14 16 18
Position (mm) Position (mm)

(e) )

1.04 151.6.
o 102 1514
1.00

a
N

Phase
(Deg)

0.88
151.0

Phase (Deg)

g
g

0.98

Amplitude (mV,

0.84
} 150.6+
20 2 46 81012141618 -2 0 2 4 6 8 101214 16 18

Position (mm) Pasition (mm)

Y (mm)

FIG. 8. PTR line scan across a particular sample of AISI 1018 steel: Modu-
lation frequency(a) and(b) --10 Hz,(c) and(d) --100 Hz,(e) and(f)—1000
Hz.
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thermal diffusivity and the hardness scan profiles, Figs. 8 and

FI_G. 7. PTR surface map of a nonhomogeneous AISI 8620 steel samplg, it can be concluded that the PTR phase images of Figs.
with 1 kHz modulated beam. 3-7 can be used as hardness images. The changes observed

between the low-frequency phase image, Fig. 6, and the

high-frequency image, Fig. 7, can therefore be interpreted as

hTo(;jemontstr?te ﬁ‘htlﬁ claim, the cor:espondmg Zurfalce M ariations in hardness profiles, roughly averaged over one
crohardness tests of the same sample were made along the, -\ Giffusion length.

dashed line of Fig. 2 with an indenter and are presented in

Flg. 9, conﬂrmlng that the ch(_)sen sample does mdged CON5,SCUSSION

tain a transverse inhomogeneity. In particular, there is a clear

correlation between the diameter hardness test performed The present experimental results show that thermal-wave
with a 1 kgload [Fig. 9a)] (which thus indents deeper into phase hardness scanning imaging at a fixed modulation fre-
the steel and the phase portion of the line scan performed atuency constitutes a powerful criterion for transverse homo-
10 Hz. This corresponds to a thermal diffusion length ofgeneity assessment within one thermal diffusion length in
roughly 700um, assuming a thermal diffusivity value for the hardened steels. Among many potential uses of such a crite-
AISI 1018 steel of X 10> m?/s (Ref. 2, Table I, p. 219  rion, from the photothermal point of view it can be applied in
There is also a good correlation between the transverse hardelecting suitable candidates for thermal diffusivity and/or
ness test performed with a 300 g lo@thallower indentation  conductivity depth profile reconstructions in case hardened
and the phase of the line scan at 1000 Hz which probesteels’ Depth profilometry is a thermal-wave inverse prob-
within a thermal diffusion length of approximately 7dm.  lem where thermal diffusivity depth profiles are recon-
For further evidence of transverse inhomogeneity, a samplstructed from surface experimental data as a function of
was chosen for destructive microhardness depth measurarodulation frequency. Theoretically, the problem requires
ments to be performed at various locations along the diamene dimensionality and thus a large incident beam spot size
eter, as indicated in the inset of Fig. 10. The results of thiss used so that lateral diffusion can be neglected. Numerical
test are shown in Fig. 10. From this figure, it is clear that thealgorithms exist that allow for the reconstruction of the ther-
microhardness at a particular depth is not uniform across thmal diffusivity depth profiles from surface frequency depen-
sample, varying as much as 120 HV. Therefore, the sampldent measuremenfs. Since most thermal-wave inverse
contains a transverse hardness inhomogeneity, the profile pfoblem numerical algorithms developed to date are appli-
which is well correlated with the thermophysical inhomoge-cable to the one-dimensional problem only, a one-
neity profile imaged by the PTR phase, Fig. 8. In view of thedimensional geometry is required experimentally, including
established correlation between thermophysical scan profilesamples with material inhomogeneity in the depth direction
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FIG. 9. Microhardness test results measured across the surface of the chosen Sample No.

sample of Fig. 8 witha—1 kg load; andb) --300 g load.

only. Transversely inhomogeneous case hardened sampl

FIG. 11. Histogram ofa) amplitude andb) phase line scans of a group of
AISI 1018 steel samples.

es

are not suitable candidates for the one-dimensional recon-

struction as thermal diffusivity inversions can lead to inac-
curate depth profile reconstructioh®.

Hardness imaging criteria based on this work can b
developed and used for determining if a sample is a suitabl
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FIG. 10. Carbonitrided AISI 1018 sample (8.04 in. case depihback
surface hardness depth profile with seven different measured spots.
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&andidate for reconstruction. Transverse line scans per-

formed on each of the carbonitrided and quenched 1018 steel
samples at three different frequencies, 10, 100, and 1000 Hz,
were employed. At each frequency, the mean and variance of
the data sets over the entire amplitude and phase lateral scan
were calculated and the results plotted in a histogram. For
amplitudes, the quotient of variance and mean at a particular
frequency was plotted and for phase, the variance of the
measurements taken at a particular frequency was plotted.
The results of one such test are shown in Fig. 11. These
histograms permitted the immediate identification of the least
homogeneous samples. For example, from the histograms of
Fig. 11, and application of the criterion that a steel sample is
mechanically homogeneous if PTR phase variations across a
surface scan are less than 0.5°, it is obvious that samples 8
and 9 are far less homogeneous than other samples of the
group and thus should not be used in thermal diffusivity
reconstructions. By using this line scan method of rejecting
the less transversely homogeneous samples, a significant im-
provement in depth profilometric data inversion has been
achieved-
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