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Inspection of an end quenched 0.15%-0.2% C, 0.6% —0.9% Mn steel
jominy bar with photothermal radiometric techniques
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The effect of the cooling rate on hardness and thermal conductivity in a metallurgical Jominy bar
made of 0.15%—-0.2% C, 0.6% —0.9% NAISI 1018) steel, by means of a water end-quenched
heat treatment process without diffusion-controlled case depth, is studied with photothermal
radiometry (PTR). It is concluded that our two PTR techniques, common-mode rejection
demodulation and conventional 50% duty-cycle square-wave frequency scan, are sensitive to low
hardness values and gradients, unlike the high values all previous photothermal studies have dealt
with to-date. Both PTR methods have yielded an anticorrelation between thermal conductivity and
microhardness in this case as in previous cases with heat-treated and diffusion-controlled case depth
profiles. It is shown that the cooling rate strongly affects both hardness and thermal conductivity in
the Jominy-bar heat-treating process2@04 American Institute of Physics
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I. INTRODUCTION that there was an anticorrelation between hardness and ther-
mal diffusivity. Waltheret al® used two different experimen-

In recent years, a number of photothermal applicationsal methods to determine the relation between hardness and
to hardness measurements in metals have been reportedtifermal diffusivity: the common laser flash technique to es-
the literature. Establishing a quantitative correlation betweetimate the thermal diffusivity of a set of fully hardened, ho-
the microhardness and thermal conductivity or thermal dif-mogeneous specimens with different hardness produced by
fusivity is a key issue to performing reliable photothermalappropriate heat treatments; and lateral scanning photother-
hardness measurements. Various independent researgfal microscopy to estimate the thermal diffusivity depth pro-
groups have reported a well-established anticorrelation befile from localized measurements that was compared with the
tween thermal diffusivity/thermal conductivity and micro- hardness depth profile obtained by microindentation. In gen-
hardness. Jaarinen and LuukKataade the first attempt to eral, despite the thermal-wave inverse problem types of re-
study the properties of surface hardness of steel in terms @fonstructions applied to steels and the anticorrelation trends
an inverse process and developed a numerical techniqushserved between thermal diffusivity and hardness, no physi-
based on the solution of the thermal-wave equation using gal interpretation of the anticorrelated thermophysical and
two-dimensional finite difference grid. Laet al? used a mechanical depth profilegnostly for quenched steglfias
mathematical reconstruction techniame obtain the thermal been attempted. Only very recently attempts have been made
conductivity depth profile of quenched steels, and found ao offer physical interpretations of photothermally recon-
close anticorrelation between depth dependent thermal cotructed hardness depth profiles in processed steels. Nico-
ductivity and conventionally measured Vickers hardnesslaides et al® concluded that the depth distribution of the
Munidasaet al® applied the thermal harmonic oscillator thermal diffusivity profile in a hardened low-alloy Mn, Si,
(THO) method on quenched steels and found an anticorrelacr, Mo Steel(AISI 8600) is dominated by carbon diffusion
tion between thermal diffusivity and microhardness. Laterduring carburization, while the absolute thermal diffusivity
Mandeliset al® showed that the results from investigated values are dominated by microstructural changes that occur
cold-work depth profiles in rail track samples illustrated theduring quenching. The authors also pointed out that the va-
potential of photothermal depth profilometry as a nondedidity of these conclusions for other types of steel is uncer-
structive, noncontact inspection methodology of rail deteriotain. Most investigations to-date have focused on samples
ration as a function of length of service in the train transpor-eat treated in the presence of conventional elements, such as
tation field. From this wealth of evidence it is now carbon or nitrogen, to form a concentration gradient which
established that the diffusivity depth profiles obtained forsubsequently defines the hardness case depth profile after
case-hardened steels anticorrelate, at least qualitatively, wituenching. The effect of heat treatment on the hardness and
destructive microhardness measurements. Fourgtieal.” conductivity is a combination of specific gas exposure in a
used a photoreflectance setup as well as a photothermal rawrnace and cooling rate. The relationship between hardness
diometric (PTR) setup to reconstruct the thermal diffusivity and thermal diffusivity in carburized and carbonitrided steels
depth profiles of hardened steel samples. They, too, showdths been investigated by Nicolaidetsal® and Liuet al!%*
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demodulation(lCMRD).*** Vertical spatial scans along the

side of the end-quenched Jominy bar were performed, and
local hardness and thermal conductivity were measured.
1 2 Measurement results from the two methods and the relation-
ships between thermal conductivity and hardness profiles ob-
tained from destructive mechanical measurements will be

presented.
T | A
§ i Il. LASER-BEAM MODULATION WAVEFORMS
0 I The two-pulse configuration of the CMRD scheme is
. ' L : ! shown in Fig. 1. It has been sholit*that the in-phase and
0 50 100 . .
YT (%) quadrature demodulated lock-in outputs from any experi-

mental system driven by such a bimodal periodic pulse ex-

FIG. 1. Optical excitation wave form consisting of a bimodal pulse appliedcitation with periodT are given by
to the photothermal CMRD system. The horizontal time units are expressed

as a percentage of a full repetition periods]andr, are the corresponding Y,p(f)

square pulse widthgy is the center-to-center time delay. Only one repetition

period is presented for clarity. A o o
. 1 . 2

cod — || sinf — | +sinl — | |R S(f

2lg 5( ){ <T> (T)}e[s()]

However, the type of relationship between hardness and ther--_ T ,
mophysical properties resulting from the cooling rate of steel L sin(lA) [sin(ﬂ) _ sin(ﬂﬂlm[S(f)]
still remains unclear. Nevertheless, in order to perform reli- T T T
able photothermal hardness tests, the sensitivity of the pho- (1)
tothermal techniques to hardness variation is very important.
To our best knowledge, all previous wofks ® have con- V()
cluded that photothermal techniques are sensitive to high®
hardness(maximum >800 HV and minimum>200 HV) . (77_) . (_1) . (ﬂ) ¢
and large hardness gradigifitardness case depth2 mm). 2l, sin T sin T —sin T ReS(1)]
The applicability of photothermal methods to low hardness = v A p— -
values (<200 HV) and gradientgcase depth>2 mm) has - co{—)[sin(—) + sin —)]Im[S(f)]
not been studied. T T T

In this work we used laser infrared photgéhermal radi- (2
Z:geltr{éig IigttG()ele(éPigr(;) t_h(l)slzli/souce:.’%%()(;?T())/.g%rmmagzaosf wheref=1/T is the CMRD Wav_e-form repetit_ion frequency,
end-quenched to form a mild hardness profile with continy-" 2d 72 are the wo pulse widths, andlf) is the corre-
ously varied cooling rate along the bar with maximum hard-s.pondlng S|gnal_ response of the expenm_ental system 1o
ness less than 14 HG=140 HV). Two types of PTR signal smgle—pulge excitation at the same frequericis the center-
generation techniques were used: conventional 50% dun}_o-center time delay.

: L Th nfiguration of nventional re-wave excita-
cycle square-wave modulation and common-mode rejection . € configuration of a conventional square-wave excita
tion is shown in Fig. 2. The one dimensional thermal-wave

signal response is given
lo(1 -R)(1 1) 1
X ——,
VkettpCw VKetf

I where p,c represent the material density and specific heat,
respectivelyj is intensity of the laser bearR is the reflec-
tivity of the measured surfacey=2=f, and ks represents
the depth-variable effective thermal conductivity in the range
— of the thermal diffusion lengtfx and is given by

S(f) = 3)

1)

1 I
Keff= —f k(x)dx. (4)
M Jo
o N l 1
0 50 100 From the above expressions it is clear that the corresponding
YT (%) signal response of the experimental system to photothermal

FIG. 2. Optical excitation applied to conventional 50% duty-cycle square—eXCItaftlorl at a fixed frequern.cy IS InINverse proportlon.to .the
wave modulation in photothermal radiometry. Only one repetition period is€ff€ctive thermal conductivity, regardless of the excitation

presented for clarity. waveform.
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infrared (Planck radiation from the optically excited sample
surface was collected and collimated by two silver-coated,
V(w) | Functi off-axis paraboloidal mirrors and then focused onto a liquid
Lo nitrogen-cooled HgCdTgmercury-cadmium-telluride de-
S ONSOTER tector (EG&G Judson Model J15016-M204-801M-WE)60
The heated area of the sample was at the focal point of one

> JB Holder mirror positioned near the sample and the detector was at the
HgCdTe - ’ focal point of the other mirror. The HgCdTe detector is a
Detector

photoconductive element that undergoes a change in resis-
~ JB tance proportional to the intensity of the incident infrared

Pre Amp Post radiation. Our detector had an active square-size area of

¥ Dlode Laser /// 1 mmx1 mm and spectral bandwidth of 2—%12n. An an-

tireflection coated germanium window with a transmission
Laser Cooler dﬁ-Axis I bandwidth of 2_—1%m was mounted in front of the detect_or
Paraboloidal to block any direct radiation from the laser. Prior to being
ptical Fiber Mirrors sent to the digital lock-in amplifie(EG&G Instruments
/, Model 7265, the PTR signal was amplified by a low-noise
Expanids [ 7~ preamplifier(EG&G Judson PA10y specially designed for
7 Mirror operation with the HgCdTe detector. The lock-in ampilifier,
which was interfaced with a PC, received and demodulated
FIG. 3. Experimental setup. the preamplifier output. For CMRD measurements, the
thermal-wave in-phase and quadrature lock-in signals were
. SAMPLE PREPARATION AND EXPERIMENTAL obtained as a function of;, 7, and time delayA. In con-
SETUP ventional 50% duty-cycle square-wave PTR measurements,
A. End quenching thermal-wave amplitude and phase were obtained. The pro-

. ) cess of data acquisition and storage was fully automated.
For the end-quenching heat treatment, a portion of the

1018 AISI steel bar was cut into the form of a Jominy Har.
This bar was cylindrical in shape, half an inch in diameter,IV. EXPERIMENTAL RESULTS AND DISCUSSION

and 4 in. long. A flat portion was ground on one side of the ) :
As a first step, conventional PTR frequency scans were

bar to ensure a flat area for laser photothermal probing. The ; q h q hed iy b h
end-quench test, also referred to as a Jominy test, is wideelger ormed on the end-quenched Jominy bar. The scans were

used in the steel industry to simply and effectively determine’€f0rmed upwards from the quenched end, and along the
the hardenability of a particular ste€lThis test provides a bar every 0.5 cm to the middle of the bar, and then every
convenient and reproducible method of quenching steel bars €M UP to the other end of the bar. The mpdulated laser
and determining the effect of cooling rate on the resultingbeam was focused at each measurement point, and the fre-

hardness and microstructure. In this instance, the Jominy pJHeNcy was varied from 1 Hz to 2 kHz. Comparison of the
§ull photothermal frequency scan results showed that the

was heated in an oven at 900° C to austenitize it for one-hal . e ) .
largest amplitude response variations in the entire frequency

hour and was then quickly transferred to a quenching jig, o h itivity of th hni
which directs a controlled jet of water at one end of the bar'ange appeareer100 Hz. The sensitivity of the technique to

Heat exchange between the hot steel and the water jet arﬁ{panges in the thermophysical properties of the steel depends

heat flow occurs primarily along the length of the bar, so thaf" both mﬁgnit;‘]de of t.he rermophysicalhcréar;]ge and on ge-
the cooling rate varies from a high value at the quenched en metry. When the Jominy bar was quenched, heat was trans-

to a low value at the far end, thus forming a continuum of erred along the bar axially and laterally. The cooling rate at

hardness along the length of the bar. The Jominy curve wadY chatlon inside the b.ar was a combination of cooling
obtained by making Rockwell C hardness measurement&tes in thes_e two dlrectlons_. Spots closest to the surface
along the length of the bar. The sideways flat portion waEXperience higher lateral cooling rate than deeper spots, due

carefully polished after the quenching to keep the surfacéo_ the larger Fempera’gure grad|e_nt near the_ outer surface.
optically uniform. Since the cooling rate is the dominant factor in the hardness

profile formation when the chemical composition of the steel
does not change, the hardness of the surface is always higher
than that of the interior. Therefore, a hard surface layer

The experimental system for PTR scans is shown in Fig(“case” is formed surrounding the bulk. From thermal-wave
3. A high-power 20 W diode las¢denoptik JOLD-X-CPXL-  calculations, the frequency range corresponding to peak PTR
1L) was current-modulated using a Thor Labs high powersensitivity to hardness variations is expected to also corre-
laser driver, which accepted the voltage modulation wavespond to a thermal diffusion length range commensurate with
form from the signal function generator to modulate the lasethe mean case depth: At 100 Hz the thermal diffusion length
driving current. The largely anisotropic multimode laseris =200 um when the thermal diffusivity is 14 mths 1
beam was expanded, collimated, and then focused on tHgased on the foregoing results, spatial scan experiments
surface of the sample withk=1 mm diameter spotsize. The were performed with a fixed frequency of 100 Hz.

B. Experimental setup

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



1932 J. Appl. Phys., Vol. 96, No. 4, 15 August 2004 Liu et al.

0 2 4 6 8 0 2 4 6 8
T M Ll Ll ¥ 75 ¥ T T T

4.8+ 414 414

4.6 —
- 412 5 7.0 412
3 bt
© 4.4+ 6 L
e d -
Q 424 1% & 9 115
[%3] 3
® S 654 {1 @
R P ls 8 = de &
a. 4.0 3 o T %
c \ 5 E 1 @
= 38- —8—|n-phase| |, B < d6 §
8 ] \\./l\ = % o 6.0+ E

\ - ]
N 36+ A N 8 £
© d A.__A l\./l 44 (_“ 44
E 344 ‘\\ £ 554 4
S --4-- Hardness "a_ 1, 5 1>
A

Z 324 AL, - z

3'0 M 1 ) M L) L) T T T L) 0 50 T 1 L) 1) 1 T T T 0

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Position {cm) Position (cm)

FIG. 4. Comparison of CMRD in-phase spatial scan with hardness profileFIG. 6. Comparison of amplitude spatial scan with hardness profile. Modu-
Pulse repetition rate: 100 Hz. lation frequency: 100 Hz.

Given that the CMRD signal is a function of time delay tivity as shown in Eq(4), an anticorrelation between hard-
A when the pulse widths;, 7, are fixed, Fig. 1, time delay ness and thermal conductivity can be obtained.
scans with 100 Hz repetition rate along the Jominy bar were  Figure 6 shows the results from the conventional 50%
performed to optimize the sensitivity of the CMRD PTR duty-cycle square-wave spatial scans compared with the in-
signal with respect to time delay before scanning the lengtliependently measured hardness profile. A good correlation
of the Jominy bar side. The pulse widths were fixedrat between the photothermal and mechanical profiles is appar-
=5% andr,=25% and the center-to-center time delayvas ent. The extent of correlation between thermal wave and
varied from 15% to 85%. Upon comparison of thescan  hardness profiles is comparable between the CMRD and con-
results, both in-phase and quadrature signals were found tgentional square-wave scans, Figs. 4—6. The PTR phase did
exhibit combined optimal sensitivity aA=17%. So we not exhibit as good a correlation as the amplitude, perhaps
choseA=17% for further experiments. due to the very small extent of the hardness gradient normal
Comparisons of in-phase and quadrature CMRD signalo the surface. To reconstruct the thermal conductivity from
scan profiles along the side of the Jominy bar with the hardeither PTR signal, it was assumed that the thermophysical
ness profile from a destructive hardness test are shown iproperties beyond 8 cm away from the quenched bottom of
Figs. 4 and 5. Both in-phase and quadrature signals werde Jominy bar were not affected by the quenching process
normalized with respect to the reflectivity at each measureand the thermal conductivity remained at the prequenching
ment spot. Both Figs. 4 and 5 show that there is a strongalue of 51.9 W/mK:’ This was based on the fact that it
correlation between PTR signal and hardness. Typical erravas not possible to obtain any measurable hardness by me-
bars for both CMRD and square-wave PTR signals were esshanical mean@ndentej beyond 5.5 cm away from the bot-
timated at 2%. Since the redin-phas¢ and imaginary tom. Nevertheless, the sensitivity of PTR techniques to
(quadraturg parts of the CMRD PTR signal are inversely minute values of hardness shows a profile that keeps on de-
proportional to the square root of the mean thermal conducereasing past that point in Figs. 4—6. Using E8). and the
PTR signal shown in Fig. 6, the effective thermal conductiv-
0 2 4 6 8 ity profile along the side of the Jominy bar was recon-
' structed. The results and comparison with the hardness pro-
] file are shown in Fig. 7. An anticorrelation between the
412 thermal conductivity and hardness is observed, as expected.
1 The remaining curve in Fig. 7 is the average of the thermal
conductivity reconstructions of all three profiles shown in
Figs. 4—-6. The PTR signal definitely exhibits improved sen-
sitivity to very low hardness profileg<2 RC) compared to
the conventional mechanical hardness measurement.
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V. CONCLUSIONS

°*1 4~ Hardness * 2
ba ] Overall, it can be concluded that the rate of quenching of

07 T T J —0 this particular type of steglAISI 1018) through cooling, in
0 1 2 3 4 5 6 7 8 . .
Posit the absence of hardening through heat treating and element
osition (cm) (carbon, nitrogendiffusion, affects both local hardness and
FIG. 5. Comparison of CMRD quadrature spatial scan with hardness profilth€rmal conductivity at dBtanC?S of several centimeters away
Pulse repetition rate: 100 Hz. from the quenched end. Experimental results from a Jominy

Normalized Quadrature (a.u.)
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s 2 ‘j ] 6 8 dients, in addition to the high hardness values and steep gra-

{ [Fe=Thermal conductivity 1 . 1M dients reported in all previous photothermal studies to-date.
504 % |--@-- Avg Thermal conductivity 1
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