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Abstract. A chromium-molybdenum steel composed of 0.20 mass% carbon was used as a raw
material. Three kinds of specimens having different case depths were made by carburizing and
quenching. Using the scanning electron microscope, the crystallographic information was measured
on the cross-sectional hardened layer by EBSD (electron backscattering diffraction) technique. The
KAM (kernel average misorientation, @) maps were calculated from the carburized surface to the
interior below the case depth of each specimen. The change in the area-average values, 0,04, of the
KAM maps of each specimen was compared to the case depth and the cross-sectional residual stress
distribution measured by X-ray. As a result, the area-average of the hardened layer was larger than
that of the interior of specimen after quenching. The estimated depth of the increment in the @,,,.., was
found to accord to the case depth and be proportional to the depth in which large compressive residual
stress was distributed on the gradually polished surface. Therefore, both the case depth and eigen
strain distribution that induce the compressive residual stress can be indirectly evaluated by electron
backscattering diffraction method.

Introduction

The surface of the chromium—molybdenum steel parts used for transport vehicles are improved by
the gas carburizing process. This heat treatment including oil quenching leads to the hardened layer
and thermal compressive residual stresses near the hardened surface [1-3]. The hardened layer can be
evaluated by measuring the cross-sectional hardness. The residual stress field in the heat treated parts
can be measured experimentally by X-ray [1,3] or neutron stress measurement [1,2]. The hardened
layer and the compressive residual stresses are generated by the martensitic transformation during
quenching and the concurrent transformation plasticity [4].

Recently, the EBSD (electron backscattering diffraction) technique has been successfully applied
to investigate the amount of plastic strains [5] subjected to ductile steel [6-9] or quenched steel [10,
11]. The area-average of the KAM (kernel average misorientation) maps calculated from the EBSD
patterns could represent the amount of macroscopic plastic strains and the hardness. In those KAM
calculations, it was necessary to define a threshold angle above which neighboring points were
considered to belong to neighboring grains and were omited in the calculation. In general, a threshold
angle would be set from 2 to 5° [5-11]. However this techinique could not be applied to the mixture of
multiphases such as bainite and martensite phases. In our previous study [12], two kinds of specimens
having different case depths were made by carburizing and quenching. To apply EBSD technique to
the indirect estimation of macroscopic eigen strain distiribution induced by carburizing process, an
appropriate threshold angle for calculating the area-average of KAM maps was examined. As a result,
the depth in that compressive residual stresses existed was found to be evaluable by setting the
threshold angle to 60° [12]. In this study, three kinds of carburized and quenched specimens were
prepared. The case depth and the residual stress distribution near the carburized surfaces of these
specimens were experimentally measured, and were compared to the area-average change of the
KAM maps. The validity of our proposed indirect estimation was examined.
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Experimental Procedure

Materials and Specimens. The initial material was a chromium—molybdenum steel, SCM420H,
composed of 0.20 mass% C, 1.02 mass% Cr, and 0.17 mass % Mo. Young’s modulus and Poisson’s
ratio of the initial material before carburizing were E =204 GPa and v =0.27, respectively. Four kinds
of rectangular specimens were used, as shown in Fig. 1. The specimens, QC1 and AN, were cut from
the blocks before and after the carburizing process. One block was carburized at 900 °C in a carrier
gas and quenched at 850 °C in an oil bath, the other one was annealed at 620 °C for two hours and
normalized at 900 °C for one hour. The specimens, QC2 and QC3, were cut from two hollow
cylinders with an annular U-notch [2]. These cylinder were carburized at 900 and 950 °C in a carrier
gas and quenched at 850 and 950 °C in an oil bath, respectively.

Measurement of EBSD Patterns. The EBSD patterns were observed using the thermal field
emission scanning electron microscope (JSM-7001F, JEOL Ltd, Japan) with the orientation imaging
microscopy (OIM, TSL solutions, Japan), as shown in Fig. 2. The crystallographic orientation was
determined by the electron backscattering diffraction method. The kernel average misorientation, ©,
was estimated as,
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where Of; is a local misorientation between measuring and neighboring points. In this study, the
area-average values, @,,.q,, of every 100 um from the carburized surface to the interior along the
z-direction of each specimen were calculated. The width of the y-direction for calculating the
area-average value was more than 100 um. The change in the area-average, ©q,, Was compared to
the case depth and the cross-sectional residual stress distribution measured by X-ray.

Carburized surface y xyz-coordinate
(a) QC1 T (d) AN X 7z system
= — observed area
o <l |= C: hed
o - QC: quenche
after carburizing
7 AN: annealed
4.0 4.0 4.0 and normalied

Fig. 1 Cut specimens and the definition of the coordinate system.

Incident z 100pm

Scattered €lectron beam x (ITD); ] / | ] Probe ¢15nm
electron beam (ND)';a J : [
Z Scanning direction == Grain boundary
x(ND)Y y(RD) ¥ (RD) | of EBSD probe _ [ TPoint. F. for
Detector ,’ﬂ >100um calculating KAM
of OIM £70deg. 199 / /) () j Step size: 0.5um
A~ Cut specimen Detail of A Detail of B
(a) EBSD patterns (b) area-average, O,can (¢) calculation of KAM

Fig. 2 Measurement of kernel average misorientations and area-average using OIM.

Determination of Case Depth. After quenching, the carbon content and hardness gradients of the cut
specimens were measured to determine the case depth. The carbon content was measured by an
electron probe microanalyzer and evaluated using the standard carbon steel specimens with known
carbon content. The hardness was measured by a micro Vickers hardness tester. The indentation load
and holding time were 2.9 N and 15 s, respectively. The total case depths were determined in
reference to the Japanese Industrial Standard, JIS G 0557.

Measurement of Residual Stress Distribution. The residual stress distribution from the carburized
surface to the interior was measured by the conventional sin”y method with Q-goniometer. Table 1
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summarizes X-ray stress measurement conditions. In this study, the diffraction for Fe-211 reflection
of ferrite or maritensite was used. Table 2 summarizes X-ray elastic constants, Ex and vy, before and
after the carburizing process that were determined experimentally [13]. X-ray stress measurement
was repeated by gradually removing the hardened layer by means of an electrolytic polishing.

Table 1 Stress measurement conditions.  Table 2 X-ray elastic constants, Ex/(1+vx) and Ex /vy,

Characteristic X-ray | Cr-Ka before and after the carburizing process [13].

Tube voltage [kV] 30 E /(I1+v,) [GPa]| E, /v, [GPa]
Tube current [mA] | 8 Before carburizing 167.5+2.0 | 790.5 +58.4
Diffraction aFe-211 Under carburized surface| 194.6+3.8 897.0+41.9

martensite-211

Under decarburized layer| 205.8 +6.2 |1001.2 +36.0
Interior below case depth| 176.6 + 4.5 866.4 +15.3

Irradiated area 2 mm squares
Detector PSPC (Fixed y)

Results and Discussion

Microstructures, Hardness and Carbon Content Gradients of Specimens. Figure 3 shows the
carbon content gradients of carburized specimens, QC1, QC2 and QC3. In contrast to the base
material with 0.20 mass% C, the carbon content gradients were observed near the carburized surfaces.
The surface carbon content of specimen QC1 was smaller than those of specimens, QC2 and QC3.
The carbon contents of three specimens plateaued at z = 2.6, 1.0 and 2.8 mm, respectively. Figure 4
shows the typical microstructures before and after the carburizing process. The microstructure of
initial material was composed of ferrite and pearlite structures. On the other hand, as the distance
from the surface increased, the microstructure after the carburizing process changed from the
martensite to the bainite structures.

Figure 5 shows the Vickers hardness gradients of carburized specimens, QC1, QC2 and QC3. The
hardness gradients caused by martensitic transformation were also observed near the carburized
surfaces. Total case depths, d,,., of three specimens were found to be about 1.9, 0.8 and 2.2 mm,
respectively.
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Fig. 3 Carbon content gradients after
carburizing process.

IPF (Inverse Pole Figure) Map and KAM (Kernel average Misorientation) Distribution. Figure
6 shows the typical IPF (inverse pole figure) map of specimen AN. Figure 7 shows the continuous
inverse pole figure measured from the carburized surface to the interior of the specimen QC2. As
mentioned above, in the case of specimen AN, the inverse pole figure corresponding to pro-eutectoid
ferrite was observed, whereas in the case of specimen QC2, the subgranular inverse pole figure
corresponding to martensite was observed near the carburized surface. This shows that the old
austenite grains were transformed into some small martensite grains. In the interior below the case
depth, the inverse pole figure corresponding to bainite was observed. Within the carburized layer, the
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mixture of martensite and bainite grains was observed. The volume fraction of martensite phase
decreased as the distance from the carburized surface increased.

Figure 8 shows the KAM distributions estimated from the measured IPF maps of the carburized
specimens. The KAM distribution under the carburized surface was quite different from that of the
interior below the case depth. Although the carbon content and hardness gradients differed from one
another, the KAM distributions under the carburized surface were similar to one another. Therefore,
by setting the threshold angle to 60°, the KAM maps are meaningful data for the mixture of
martensite and bainite grains.
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Fig. 7 The continuous inverse pole figure measured from the carburized surface to the interior
along the z-direction of the specimen QC2. In this study, the grain tolerance angle = 5°.
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Fig. 8 Kernel average misorientation distributions of the specimens, QC1, QC2 and QC3.
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Estimation of Case Depth and Residual Stress Distribution Using Area-Average of KAM
Maps.

Figure 9 shows the changes in the area-average values, ©,,..,, of specimens, QC1, QC2 and QC3
in contrast to the initial base material specimen AN. The plateaued depths, dkap, in the area-average
of three carburized specimens were 1.9, 0.8 and 2.0 mm, respectively. The dgay of each specimen was
found to be almost equal to the total case depth, d;yq;.

Figures 10, 11 and 12 show a comparison between the residual stress and the @,,.,, distributions
of each specimen. In these figures, the in-plane principal residual stresses, o and o,, were measured
on the gradually polished surface. These residual stresses arise from eigen strains induced by the
carburizing process [4]. The actual magnitude and direction of residual stress could not be predicted
directly from the ©,,,, distribution because the .., profile differed from the residual stress
distribution profile. But the decline in the compressive residual stress relatively accord with that in
the area-average, ©,,..,- The depths, d,.,, at which the compressive residual stress of three specimens
plateaued were 2.6, 1.0 and 2.8 mm, respectively. The d,., of each specimen was found to be deeper
than the dKAM-
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Fig. 11 Comparison between the residual stress Fig. 12 Comparison between the residual
and the O, distributions of specimen QC2. stress and the ©,,.,, distributions of specimen
QC3.

Figure 13 shows the diy vs. dxay and d,.s vs. dgay relations for three carburized specimens. In
this figure, two regression lines were derived by a least square method. Good linear correlations that
passed through the origin were observed. In the case of the carburized chromium-molybdenum steel,
the total case depth and the plateaued depth in residual stress can be predicted as,

dioral = 1.05 diam, 2)



Advanced Materials Research Vol. 996 561

dres = 1.49 dgam. 3)

In the case that the threshold angle is 60°, the increment of the area-average values represents the
amount of volume expansion of martensite phase. Therefore, the case depth, d;y;, is almost equal to
the dgapm. On the other hand, the d,.,, at which the compressive residual stress plateaus, depends on
both the volume expansion mismatch caused by
martensitic transformation and the resulting
plastic deformation of bainite phase. It is thought
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Fig.13 The d,1y and d,.; of the carburized
specimens as a function of the dgapy.

(1) The KAM distribution under the carburized
surface was quite different from that of the
interior below the case depth. By setting the
threshold angle to 60°, the KAM maps are meaningful data for the mixture of martensite and
bainite grains.

(2) The case depth and the plateaued depth in the compressive residual stress near the carburized
surface are predictable by calculating the area-average of the KAM maps. In this study, the total
case depth of carburized chromium—molybdenum steel is equal to the plateaued depth in the
area-average. Furthermore, the plateaued depth in the compressive residual stress measured by
X-ray is approximately 1.5 times as large as the plateaued depth in the area-average.
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