JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 12 15 JUNE 2001

Physical mechanisms of thermal-diffusivity depth-profile generation
in a hardened low-alloy Mn, Si, Cr, Mo steel reconstructed
by photothermal radiometry

Lena Nicolaides and Andreas Mandelis®
Photothermal and Optoelectronic Diagnostics Laboratories, Department of Mechanical and Industrial
Engineering, University of Toronto, 5 King's College Road, Toronto, Ontario, Canada M5S 3G8

Clare J. Beingessner
B & W Heat Treating Ltd., 390 Trillium Drive, Kitchener, Ontario, Canada N2G 4W6

(Received 26 September 2000; accepted for publication 29 March 2001

It is well established that in hardened steels thermal-diffusivity broadly anticorrelates with
microhardness, allowing thermal-wave depth profilometry to be used as a tool to measure
microhardness profiles. Nevertheless, the physical mechanisms for this anticorrelation have not been
well understood. In this work, the thermal-diffusivity profiles of rough, hardened industrial steels
were reconstructed after the elimination of roughness effects from the experimental data.
Carburizing and quenching are widely used for the heat treatment of steel components, and it is
important to understand their effects on thermal-diffusivity profiles. A thorough examination of the
actual mechanism by which thermal-diffusivity depth profiles are affected by first carburizing and
then quenching AlSI-8620 steels was performed. It was concluded that the variation of thermal
diffusivity with depth is dominated by the carbon concentration profile, whereasbthaute value

of the thermal diffusivity is a function of microstructure. @001 American Institute of Physics.
[DOI: 10.1063/1.1373698

I. INTRODUCTION ops, AISI-8620 steel samples were chosen for testing. Its
chemical composition contains 0.18/0.23% C, 0.70/0.90%

Depth profilometry is an important thermal-wave inverseMn, 0.40/0.70 Ni, 0.40/0.60% Cr and 0.15/0.25% Mo. AISI-
problem where the thermal-diffusivity profile is recon- 8620 is a popular low-carbon, low-alloy steel owing to its
structed from the experimental surface information. Thermahbility to produce high-core strength and toughness and is
diffusivity is the transport property that depends on the mi-widely used in such applications as gears, pinions, small en-
crostructural properties of a material, among other propergine crankshafts, etc. In earlier studfesinverse thermal-
ties, and can thus be used to identify changes that take pla®eave problem types of reconstructions were performed on
as a result of surface or bulk modification processes, such agienched steels, and anticorrelation trends between thermal
laser processing, case hardening, and coating depobitiordiffusivity and hardness were found. However, no physical
For determining the metallurgical properties of case-treatedhterpretation of the depth profiles was given other than the
materials, depth profilometry offers an important advantagevidence that the microstructure anticorrelates with thermal
over existing techniques by being a nondestructive methodliffusivity. In this work, a set of samples was first studied
Since microhardness testing is a time-consuming and costlgfter carburizing and then after quenching. The two pro-
process, there is a demand for nondestructive testing in theesses, which are usually performed sequentially to produce
heat-treating industry. A photothermal nondestructived quenched steel, were studied in independent steps so that
method which can monitor hardne@adirectly), would be the origins of the thermal-diffusivity profiles would be un-
an important achievement. From the point of view of quan-derstood in detail. Furthermore, in a laboratory study, ne-
titative depth profilometry, just as important is the elucida-glecting surface roughness does not appear to be a severe
tion of the physical mechanigs) that give rise to the ther- limitation because rough samples can be easily polished.
mophysical (thermal-diffusivity depth profile in a given However, as an on-line industrial application, this technique
steel. With inhomogeneous materials, the photothermal anwould be prohibitively time consuming. Therefore, it is of
plitude and phase signal channels carry information aboudireat interest to incorporate the effects of roughness on the
any heat-transport disruption or change below the surfacdorward experimental data. With these goals in mind, a
These changes must be interpreted with appropriate thermafample matrix was constructed as a function of roughness
wave models, in order to yield reliable reconstructions of theand case depth.
spatially variant thermal diffusivity of a sample.

To understand the mechanism by which the thermaldl. EXPERIMENTAL SETUP
diffusivity profile in carburized and hardened steels devel- |4 order to avoid unnecessary theoretical signal dimen-

sionality complicationé,thermal-wave depth profilometry is
dElectronic mail: mandelis@mie.utoronto.ca usually performed in the one-dimensioridepth-only limit.
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J. TABLE I. AlISI-8620 steel sample matrix arranged by roughness level and
: case depth.
i} ik
et A0 Case 0.02in. 0.04in. 0.06in.
Anos Ltk Modulator depth (0.5 mm (1.0 mm (1.5 mm
Off-Axis ” 200 grit Samplell Samplel4 Samplel?7
Paraboloidal “ ) Diffuser Samplel12 Samplel5 Samplel8
Mirrors L _
: (~5 um) Samplel3 Samplel6 Samplel9
Y M\ 600 grit Sample21 Sample24 Sample27
Sample22 Sample25 Sample28
| (~2.5 um) Sample23 Sample26 Sample29
SAMELE Hardness Sampla4 Sample35 Sample36
] WS s LockIN | ol P P P
HgCdTe I/P

re-amp
Detector I _(___J samples

l@l mance for subsequent signal processing with a lock-in am-

plifier. This process of data acquisition, storage, and scan-
ning is fully automated.

FIG. 1. Frequency-domain photothermal radiometric instrumentation for
thermal-diffusivity depth profilometry. IIl. HARDENED STEELS

Experimentally, a sample matrix was constructed as a

function of roughness and case depth. AISI-8620 steel
Therefore, the experimental setup has a low spatial resollsamples were first carburized to nominal case depths of
tion. To maintain the one-dimensional heat diffusion formal-0.508 mm(0.02 in), 1.016 mm(0.04 in), and 1.524 mm
ism assumed in the theory, the pump laser beam spot si2€.06 in) and then quenched. The sample matrix is shown in
must be made much larger than the maximum profile deptifable I, and for each possible case three samples were stud-
and its intensity spatial profile must be flat. The experimentaled for statistical purposes. Also, three samp&$, 35, and
apparatus is shown in Fig. 1. A 514.5-nm-wavelength36), representing each case-depth category, were used for
continuous-wave(cw) Innova Ar" laser from Coherent is microhardness testing. The samples used were 1 cm thick,
modulated and then focused onto a sample at an outpwaind were cut from the same slab of AlSI-8620 steel alloy.
power of 1 W. To achieve a broad beam si26 mm diam, The surface roughness of the samples was controlled, before
an optical diffuser (5-mm-thick polymeric substrateis  carburizing or quenching, with a 200 grit silicon carbide
placed in the path of the beam and the transmitted scatterd&iC) grinding paper for samples 11-19, and with a 600 grit
light is collimated with a lens onto the surface of the sampleSiC grinding paper for samples 21-29. The average rough-
The modulation is performed by an external acousto-optimessd of each sample was measured independently with a
modulator (ISOMET 1201E-)1. The blackbody radiation surfometer(Series 400; Precision Devices, Milan, Mif a
from the optically excited sample is collected and collimated0.01 um total system resolution. The instrument measures
by two silver-coated, off-axis paraboloidal mirrors and thenover an evaluation length, which is the length over which the
focused onto a liquid-nitrogen-cooled HgCdTmercury—  surface parameters are evaluated. The evaluation Iétgth
cadmium—telluridg detecto EG&G Judson model J15D12- mm) for each measurement consisted of five sampling
M204-S01M. The heated area of the sample is at the focalengths, where the sampling length is defined as the nominal
point of the one mirror positioned near the sample, and thevavelength used for separating roughness and waviness. For
detector is at the focal point of the other mirror. The HgCdTeeach measurement, the following three surface parameters
detector is a photoconductive element that undergoes were documentedl) roughness average,, (2) maximum
change in resistance proportional to the intensity of the inciheight of the profileR,, and(3) average maximum height of
dent infrared radiation. It has an active square size of 1 mnthe profileR,. R, is the arithmetic average of the absolute
X 1 mm and a bandwidth of 2—12m. Since the efficiency values of the profile heights over the evaluation len&this
of the detector increases with decreasing temperature, tttbe vertical distance between the highest and lowest points of
detector is operated at a cryogenic temperature of 77 K. Atthe profile within the evaluation length, aRy is the average
antireflection-coated germanium window with a transmissiorof the successive values Bf; (R; of each sampling lengih
bandwidth of 2—14um is mounted in front of the detector to calculated over the evaluation length. The measurements
block any visible synchronous radiation from the pump laserwere repeated at three independent positions on the surface
Prior to being sent to the digital lock-in amplifiéétanford  of the sample, and the final value of each surface parameter
Research Systems model SR85the photothermal radio- was obtained as an average of the three measurements. For
metric signal is amplified by a preamplifiéknalog Modules  theoretical fitting the average of three independ@ntalues,
350-3A), especially designed for operation with the HgCdTeavg(R,), was used as the roughness thicknés$his pa-
detector. The low-noise preamplifier ensures a proper perforameter was chosen as the effective thickness that generates
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) . ~ FIG. 3. Hardness profiles for carburized and quenched AISI-8620 samples
FIG. 2. Predictednot measuredcarbon profiles for case depths 0.02 in. 4 case depths 0.02 if0.5 mny, 0.04 in.(1.0 mm), and 0.06 in(1.5 mm).
(0.5 mm, 0.04 in.(1 mm), and 0.06 in(1.5 mn) in AISI-8620 steel.

0.02 in. (0.508 mm case at around 550 HV quenched, is
the photothermal signal that can be modeled as a homogeeeper than the predicted value. Since AlSI-8620 is a low-
neous layer on a semi-infinite substrate. For the 200 and 6080y steel it has good hardenability, and thus the carburizing
grit roughness samples, the surface roughness thicknessgas probably done for a longer time, achieving a depth of up
d=avg(R,), were measured to be 5 and 24, respec- to 0.8 mm. This was an error that occurred at the plant. The
tively. The bulk thermal diffusivity of the untreated AISI- other two case samples are within the predicted depths of
8620 steel was measured by photothermal radiometry in.016 and 1.524 mm. The error bars for these microhardness
transmissionand the average value obtained for thermal dif-tests lie betweer10 HV for 300 HV and+20 HV for 700
fusivity was 0.125 crfis, which is within 0.005 cAts of the  HV. For the sake of clarity the lagtleepestmeasured value
documented value that exists for a similar low-carbon steel.for the carburized samples in Fig. 3 is not shown. This value

The case depth of the samples is defined by 0.25% C ofg 193+7 HV at 3810um, which is the depth of saturation
the carbon concentration profile, as shown in Fig. 2. Theor the carburized samples.
carbon profiles presented are given from a preprocess pro- These carburized and quenched samples have the same
gram written by B&W Heat Treating. It has been the expe-carbon diffusion profile as predicted in Fig. 2 since the car-
rience of the company that the program predicts concentrason concentration is set as a function of depth in the carbur-
tions within =0.1% carbon of the actual experimentally izing process. Although both carburizing and quenching
determined values. Carbon profoundly changes the phas@ave the same carbon diffusion profile, the hardness profile
diagram relationships, microstructure, and properties inn Fig. 3 is not the same. This is due to the fact that micro-
steels, and is the principal hardening element in all $teel.hardness is a function of the mechanical properties of the
Carburizing is a high-temperature process by which the sursample, which are related to the microstructure of the mate-
face carbon concentration of a ferrous alloy is increased byial. This structure depends on the carbon diffusion profile
diffusion. Slow cooling of plain carbon and low-alloy steels and the quenching rates that are achieved in the heat-
from the carburizing treatment results in a pearlitic micro-treatment process. The correlation that exists between the
structure in the case. This is a time-dependent nucleation anghrbon concentration profile and the microhardness is a non-
diffusion-controlled process where high-temperature austeriinear empirical relationship with the main comparative simi-
ite decomposes to form pearlite, a lamellar structure comiarity being a high-to-low-carbon concentration for a high-
posed of ferrite and cementite. The strength of pearlite deto-low microhardnes$HV), respectively.
pends on the lamellar spacing where very slow-cooling rates
produce a soft coarse pearlite while faster-cooling rates P9 EXPERIMENTAL RESULTS
duce fine harder pearlite. '

Rapid quenching in a liquid medium after carburizing Sequential experimental frequency scans in the range of
results in a nonequilibrium martensite structure, the hardnes3.5 Hz—100 kHz were performed on the samples, which first
of which is a function of its carbon content. Low-carbon underwent carburizing, and then quenching. For laser-beam
martensites are soft while high-carbon martensites can beodulation frequencies above 1000 Hz, strong surface-
very hard. Figure 3 shows the microhardness profiles obroughness effects were observed. The experimental surface-
tained for carburized and quenched AISI-8620 samples 34emperature response on the sample was normalized by the
35, and 36, Table I. The carburized and slow-cooled samplesurface-temperature response of a reference safdplal-
exhibit low- and shallow-hardness profiles, whereas aftetoy). This gave, for each frequency, an amplitude ratio and
guenching the profiles become higher and steeper. The depgihase difference. The normalizing procedure was necessary
of hardenability can be estimated from the quenched microto correct all instrumental frequency dependencies. Figure 4
hardness curves. Figure 3 shows that the case depth for tlsbows all normalized experimental data for the carburized
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FIG. 4. Carburized AISI-8620 steel experimental data after numerical elimi-FIG. 5. Mean-frequency scans from carburizédpen symbols and
nation of roughness for 0.02 0.5 mm), 0.04 in.(1.0 mm, and 0.06 in.  quenchedlines) samples for 0.02 in(0.5 mm), 0.04 in(1.0 mm), and 0.06
(1.5 mm case depths with 2.5m (600 grit; open symbojsand 5um (200 in. (1.5 mm) case depths.

grit; solid symbol$ roughness.

) . the carburized/slow-cooledsamples was the same as the
samples with 200 and 600 grit roughness after a roughnesﬁigmm untreated sampleg;=12.5<10"® m%s. The bulk
elimination methodologywas applied. As a measure of the thermal diffusivity of the carburized/quenchedsamples,
success of our roughness elimination method, Fig. 4 showgowever, was found to bae=10.5x 10" ¢ m?/s. This is due
that the two different roughnesses resulted in the same inhqq the fact that the carburized/quenched samples have a low-
mogeneous experimental responses for each of the three cagghon martensite structure in the bulk, whereas the
depths, as expected. _ carburized/slow-cooled samples have a ferritic/pearlitic

After carburizing, the same samples were oil quenchedyrycture. As a consequence, the absolute reconstructions
and the frequency responses were obtained. Again, the sarggown in Fig. 6 for carburized/slow-cooled and carburized/

Gaussian roughness eliminatf_orvas applied on these data. quenched sample groups saturate at different diffusivity lev-
The resulting average experimental curves over all thregg.

samples used in each carburizing and quenching process are

shown Fig. 5. The sample-to.—sample variances are |nd|cate\9_ DISCUSSION

by the error bars. The experimental curves from the carbur-

izing and quenching processes exhibit absolute si¢aak An important aspect of the reconstruction procedure is
plitude and phagevariations at low frequencies, yet, only the understanding of the physical processes responsible for
small variations are observed in terms of the shapes of thi#he apparent anticorrelation between thermal diffusivity and
curves. Furthermore, the back-propagation one-dimension&lardness in steels. This is a fundamental issue in light of
thermal-wave experiment only provides information aboutearlier reports, in which both quantitatieand quali-
therelative thermal diffusivity of a material. The experimen- tative-only¥ agreements with microhardness-test-generated
tal data were reconstructed using the inverse-problem mettdepth profiles in steels have been observed. Therefore, it was
odology developed in Ref. 8 as adapted to the preserdeemed important to determine which of the two major heat-
situation’ The bulk thermal diffusivities of both the treatment steps (carburization/slow cooling and
carburized/slow-cooled and carburized/quenched samplesrburization/quenchingin our steels was responsible, or
were measured independently through radiometric backdominant, for creating the reconstructed thermal-diffusivity
scattering experiments using a three-dimensional seamg,  depth profiles, and what were the relative contributions of
were found to be different. The bulk thermal diffusivity of both processes to those profiles. In general, the depth profiles
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110 oo shown for (a) garburizgd andb) quenched data. A good '
|| e, one-to-one anticorrelation between hardness and thermal dif-
Ng 105 || =====0.04" . fusivity is present for the carburized/slow-cooled reconstruc-
q,: 10_0‘_ .............. o g tions[Fig. 7(a)], although the curves are not an exact mirror
) r g g image of each other. This may be the result of the statistical
; 95F e ‘§ variances of the frequency curves shown in Fig. 5: the mean
= 90 [ Carbon Diffusion g curve in each case was used to reconstruct the thermal-wave
2 depth profiles of Fig. 6. On the other hand, only one sample
% 85 in each case was used to generate the microhardness depth
g a.o.— profiles of Fig. 3. In Fig. {), the reconstruction is shown
E , down o a 1 mm depth, the region within which the

IS . ' . ' . carburized-steel hardness profile is available. Both the hard-
o 50 1000 1500 2000 26500 ness and thermal-diffusivity profiles have not yet saturated to
Depth [um] the bulk value. In the quenched data reconstructidtig.

7(b)], the quality of the one-to-one anticorrelation between
FIG. Gh- c'{rl‘éler:sﬁgsf)ogfr:"t;‘zcgqlséauﬁiozsen‘f Csacg’#sf'z(()?“;k ';”]?(?r g%‘; - microhardness and thermal diffusivity decreases with in-
?(;I.gnr(;]rrel, solid, 0.04 in.(1.0 mm, dashqand g.OG in(1.5 mgrﬁ, dot cése ' creasing depth. Beyond 2 mm_’ th(? _hardn(_ess profiles ap-
depth. proach the bulk value, but the diffusivity profiles do not yet
saturate to the bulk thermal diffusivity. This could be due to
the high sensitivity of photothermal methods in detecting
of the hardened samples exhibited anticorrelations betweesctual small variations before reaching the bulk vakienm,
thermal diffusivity and hardness, which is consistent with thefor this cas@ The ever-increasing dispersion of the thermal-
earlier findings in this and other laboratorfe$° In Fig. 7, wave field with increasing depth undoubtedly contributes to
the anticorrelation of hardness and thermal diffusivity issome reconstruction uncertainty, typically, 5%-10% at
depths greater than 1 m#tl!? Nevertheless, the exact
mechanism of the thermal-diffusivity depth-profile genera-
tion can be investigated by comparing these reconstructions
to the available hardness profiles. From Fig. 6, one can com-
pare the thermal-diffusivity reconstructions between the
carburized/slow-cooled and carburized/quenched data. It is
seen that, although at differeatbsolute valuelevels, the
depth distributionof the thermal-diffusivity profiles for each
case depth is similar. The quenched sample reconstructions
are of lower absolute thermal-diffusivity value, because the
guenched bulk thermal-diffusivity value is lower than that of
the carburized bulk. For this reason, the thermal-diffusivity
e 0,06" profiles for the quenched sample are somewhat shallower.
. - s o This may be an artifact of the reconstruction algorithin,
Depth [um] which each succeeding depth increment is determined by the
local value of the previous thermal-diffusivity virtual slice.
This tends to yield shallower depths for smaller thermal-
diffusivity values. At the bulk value the same carbon content
exists, but the carburized/slow-cooled samples have a
ferritic/pearlitic structure, whereas the carburized/quenched
samples have a martensitic structure. These structures result
in different grain-boundary geometrifsand grain bound-
aries are known to affect both the local heat-transport rate as
well as the resistance to mechanical penetration by the in-
denter. Therefore, a dependence of thermal diffusivity and
hardness on microstructure is expected and observed in our
experiments with AISI-8620. Typically, increased grain-
boundary density due to microstructural changes decreases
the transboundary heat flow with a concomitant decrease in
0 500 Dep}ﬁ“{um] 1500 2000 thermal diffusivity. At the same time it increases the resis-
tance of the grain-boundary network to mechanical penetra-
FIG. 7. (a) Hardness E_lnd thermal diffusivity profiles for carb_urized samples:tion by an indenter, with a concomitant increase in hardness.
G 40 case cepthel) hardness and inormal iy profie for 1NESE facts, along with the observed quantitaive-diffusivity
anticorrelation of the carburized-only samples with the hard-

guenched samples: 0.02 i@.5 mm, solid, 0.04 in.(1.0 mm, dash and ° ) I )
0.06 in.(1.5 mm, dash-dotcase depths. ness profile, Fig. (&), lead to the conclusion that in AISI-
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8620 steel the microstructure dominates disolute values steels concluded that the depth distribution of the thermal-
of thermal diffusivity, whereas thecommon carbon diffu-  diffusivity profile is dominated by carbon diffusion during
sion profile (Fig. 2) controls thedepth distributionof the  carburization, whereas the absolute thermal-diffusivity value
thermal-diffusivity profiles in both carburized/slow-cooled is dominated by microstructural changes incurred upon
and carburized/quenched steels. This is indicated pictoriallguenching the carburized steel. Obtaining the carbon diffu-
in Fig. 6 where the microstructure determines #imsolute  sion profile nondestructively with thermal waves can be sig-
thermal-diffusivity value along they axis and the carbon nificant to the steel industry since, in the heat-treating pro-
diffusion along the deptlix axis) determines thelepth dis- cess, the carbon content and diffusion profile are not
tribution. Since thedepth distributionis dominated by the measured outputs but only estimated inputs. These param-
carbon diffusion, it is then reasonable that the rate of saturaeters can be easily extracted from the thermal-wave depth
tion for the quenched samples is similar to that of carburizprofiles through appropriate calibration of the curves shown
ing samples, occurring at about 3.8 mm. The validity of thesen Fig. 7 against known hardness profiles.

conclusions for other types of steel is not certain, and further

studies of this type must be done in each case. ACKNOWLEDGMENT
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