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Abstract: The microstructure and hardness along the thickness direction of a water quenched, high-
strength thick plate with a thickness of 40 mm were investigated with three specimens from the 
thick plate: surface, 1/4t, and 1/2t (center) thickness, and the phase transformation behavior of the 
thick plate according to the cooling rate was analyzed through dilatometric experiments. Finally, 
the cooling rate for each thickness of the thick plate was estimated by comparing the microstructure 
and hardness of the thick plate along the thickness with those of the dilatometric specimens. 
Martensite microstructure was observed on the surface of the water quenched thick plate due to the 
fast cooling rate. On the other hand, an inhomogeneous microstructure was transformed inside the 
thick plate due to the relatively slow cooling rate and central segregation of Mn. A small fraction of 
bainite was shown at 1/4t thickness. A banded microstructure with martensite and bainite resulting 
from Mn segregation was developed at 1/2t; that is, the full martensite microstructure was 
transformed in the Mn-enriched area even at a slow cooling rate due to high hardenability, but a 
bainite microstructure was formed in the Mn-depleted area owing to relatively low hardenability. 
A portion of martensite with fine cementite at the surface and 1/4t was identified as auto-tempered 
martensite with a Bagaryatskii orientation relationship between the ferrite matrix and cementite. 
The microstructure and hardness as well as dilatation were investigated at various cooling rates 
through a dilatometric experiment, and a continuous cooling transformation (CCT) diagram was 
finally presented for the thick plate. Comparing the microstructure and hardness at the surface, 1/4t, 
and 1/2t of the thick plate with those of dilatometric specimens cooled at various cooling rates, it 
was estimated that the surface of the thick plate was cooled at more than 20 °C/s, whereas the 1/4t 
region was cooled at approximately 5 ~ 10 °C/s during water quenching. Despite difficulty in 
estimation of the cooling rate of 1/2t due to the banded structure, the cooling rate of 1/2t was 
estimated between 3 and 5 °C/s based on the results of a Mn-depleted zone. 
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1. Introduction 

As shipbuilding and construction has grown in scale, thick plate steels are increasingly in 
demand for high strength and toughness [1-12]. One of the representative methods for high strength 
and toughness of thick plates is quenching and tempering (QT) heat treatment, which is aimed at 
obtaining a tempered martensite microstructure that provides an excellent combination of strength 
and toughness. At the surface area a martensite microstructure can be easily obtained after water 
quenching due to the fast cooling rate, whereas the slow cooling rate in the center of the thick plate 
results in a transformation to bainite or ferrite. As the thickness increases, it is difficult to obtain a 
uniform microstructure in the thickness direction, leading to a complex microstructure composed of 
various phases such as martensite, bainite, and ferrite inside thick plates after water quenching. 
Although many researchers have tried to predict cooling rates in the thickness direction of thick plate 
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steels during water quenching, a systematic analysis of cooling rate in thick plates has yet to be 
reported [13-16]. H. Wang et al. [13] studied effect of cooling rate on microstructure and mechanical 
properties in low-carbon low-alloyed steel plate using a dilatometric experiment. However, the 
authors focused on how microstructure/mechanical property relationships of a low-carbon low-
alloyed steel are affected by phase transformations during continuous cooling, not on estimation of 
cooling rate in a thick steel plate. Lv yanchun et al. [14] reported that temperatures in core and surface 
of steel plate with a thickness of 60 mm were measured by thermocouples embedded in core and 
surface of the steel plate during normalizing, and the cooling rate was simulated through a finite 
element model using the measured temperature data. They did not consider cooling rate of steel plate 
metallurgically by investigating microstructure, mechanical properties etc. Therefore, in this study, 
our aim was to precisely identify the microstructure and hardness of high-strength thick plate steel 
in the thickness direction as well as specimens from a high-strength thick plate controlled at various 
cooling rates by a dilatometric experiment. Finally, we predicted the cooling rates in the thickness 
direction of the thick plate during water quenching based on a comparison of the microstructure and 
hardness in both specimens from the thick plate and from the dilatometric experiments. 

2. Experimental procedure 

2.1. Material preparation and characterization 

The microstructure and hardness were investigated for high-strength thick plate steel with a 
thickness of 40 mm after water-quenching (As-Quenched, AQ). The chemical composition is shown 
in Table 1. Note that details of the compositions of micro-alloying elements cannot be disclosed due 
to information security. The microstructure of the surface, 1/4t, and 1/2t in the thickness direction of 
the thick plate was observed using scanning electron microscopy (SEM, JSM-7001F, JEOL) and 
transmission electron microscopy (TEM, JEM-2100F, JEOL). The samples for SEM were prepared 
using a 1% picral solution (1 g picric acid + 5 ml HCL + 100 ml ethyl alcohol) after mechanical 
polishing and disc samples with 3 mm diameter for TEM were prepared by mechanical polishing to 
70 ~ 100 μm thickness, followed by electro-chemical polishing using a twin-jet polisher with a 
solution of 10% perchloric acid and 90% methanol at -30 °C. Vickers hardness (FM-700, Future tech) 
was measured under a load of 1 kg for 10 seconds. 

Table 1. Chemical composition of thick plate steel. 

Specimen 
Thickness 

 (mm) 
Chemical compositions (wt%) 

C Si Mn V Nb Ti Cu Ni Cr Mo 
AQ 40 0.28 0.3 0.7 0.05 1.6 

2.2. Dilatometric experiment 

Dilatometric specimens with dimensions of 3 mm diameter × 10 mm length were machined from 
the thick plate using a dilatometer (Dilatronic-III, Theta). The heat treatment conditions for the 
dilatometric experiment are shown in Fig. 1. After austenitizing at 950 °C for 5 minutes, cooling was 
performed at various cooling rates between 0.5 to 50 °C/s. A CCT diagram was prepared based on 
the dilatation results, the microstructure observation, and the Vickers hardness for the specimens 
controlled with various cooling rates. The specimens were observed by SEM (JSM-7001F, JEOL) and 
TEM (JEM-2100F, JEOL) and their Vickers hardness was measured under the same conditions as 
described above. It was confirmed that prior austenite grain sizes of the thick plate and the 
dilatometric specimen are very similar: 14.9 μm in the thick plate and 15.6 μm in the dilatometric 
specimen. 
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Figure 1. Heat treatment conditions for dilatometric experiment. 

3. Results and Discussion 

3.1. Investigation of AQ specimens 

Fig. 2 shows SEM micrographs of the surface, 1/4t, and 1/2t in the AQ thick plate. The surface 
area shows a martensite microstructure. Martensite and a small fraction of bainite at austenite grain 
boundaries and a banded structure with martensite and bainite were observed at 1/4t and 1/2t, 
respectively. Bainite transformation occurs toward center in thickness due to slow cooling rate. It is 
well known that this banded structure at 1/2t is formed due to segregation of alloying elements, 
especially Mn during slab solidification, resulting in Mn-enriched and Mn-depleted regions [17-21]. 
The Mn-enriched zone at 1/2t of the AQ specimen was transformed to martensite due to high 
hardenability even at a slow cooling rate, whereas a bainite transformation occurred in the Mn-
depleted zone with relatively low hardenability. Table 2 presents the Vickers hardness according to 
the thickness. The hardness of the surface with martensite was approximately 500 Hv, and that of 
1/4t, which contains martensite and a small amount of bainite, was 390 Hv. The hardness of the 
martensite and bainite in the banded structure of the 1/2t were measured as 507 Hv and 351 Hv, 
respectively. As a result, the Vickers hardness results are consistent with the microstructural change 
according to thickness. Fig. 3 presents a high-magnification SEM image, a TEM bright field image, 
and the selected area diffraction pattern at 1/4t. In Fig. 3(a), martensitic lath and fine particles inside 
lath were observed. Through a TEM analysis, this microstructure was identified as auto-tempered 
martensite with fine cementite, where a Bagayatskii orientation relationship between the ferrite 
matrix and fine cementite was found in Figs. 3(b) and (c). Auto-tempering of martensite is a 
phenomenon that can occur immediately after martensite transformation for steels with a relatively 
high martensite transformation start (Ms) temperature [22-24]. The Ms temperature of the AQ 
specimen is around 400 °C (in Fig. 8), which is relatively high, resulting in auto-tempering. 

 
Figure 2. SEM micrographs of AQ specimen: (a) surface, (b) 1/4t and (c) 1/2t in thickness. 
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Table 2. Vickers hardness of AQ specimen. 

Specimen Position in thickness 
HV (1kg) 

Mean  
(standard deviation) 

AQ 

1/2t 
(banded 

structure) 

1/2t (1) – Mn-enriched zone 507 (±18.3) 

1/2t (2) – Mn-depleted zone 351 (±16.7) 

1/4t 391 (±17.1) 
surface 503 (±3.5) 

 

Figure 3. Auto-tempered martensite at 1/4t of AQ specimen: (a) SEM micrograph with high 
magnification, (b) TEM micrograph and (c) selected area diffraction pattern showing Bagaryatskii 
orientation relationship between ferrite and cementite in auto-tempered martensite. 

3.2. Dilatation results of AQ specimens 

Fig. 4 shows the dilatation behavior of an AQ specimen during heating and cooling. With a 
decreasing cooling rate, volume expansion occurs at a higher temperature during cooling, which is 
consistent with the previous studies [11-13]. Therefore, martensite can be transformed at a higher 
cooling rate and bainite or ferrite can be transformed as the cooling rate becomes slower in the AQ 
specimen. The microstructure according to the cooling rate is presented in Fig. 5. Full martensite was 
clearly shown at a cooling rate of 50 °C/s. At 20 °C/s, it was found that a very small amount of bainite 
was transformed. With a decreasing cooling rate to 3 °C/s, the amount of the transformed bainite 
increased and the fraction of martensite decreased. At cooling rates of 1 °C/s and 0.5 °C/s, ferrite 
phase was found as well as bainite, but martensite was hardly observed. It is determined that auto-
tempering of the dilatometric specimen cooled at 50 °C/s occurred, as also observed in the AQ thick 
plate, as shown in the SEM and TEM micrographs in Fig. 6. It was confirmed again that AQ steel was 
auto-tempered due to its high Ms temperature. Fig. 7 shows the Vickers hardness of dilatometric 
specimens according to the cooling rate. As the cooling rate became slower, the Vickers hardness 
accordingly became lower, which is consistent with the microstructural change in Fig. 5. Full 
martensite has hardness of approximately 500 Hv. With an increasing fraction of bainite, the hardness 
decreases to 322 Hv for the specimen cooled at 3 °C/s. At much slower cooling rates of 1 °C/s and 0.5 
°C/s, the hardness is below 300 Hv because of the transformation to ferrite, which is a soft phase. 
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Figure 4. Dilatation results of AQ specimen according to cooling rate. 

 

Figure 5. SEM micrographs of dilatometric specimens according to cooling rate. 

 
Figure 6. Auto-tempered martensite in dilatometric specimen cooled at 50 °C/s: (a) SEM micrograph 
with high magnification, (b) and (c) TEM bright field images. 
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Figure 7. Vickers hardness of dilatometric specimens according to cooling rate. 

A CCT diagram of the AQ specimen is presented in Fig. 8, based on Figs. 4, 5, and 7. It was found 
that full martensite was transformed at cooling rate of 50 °C/s, bainite and martensite were 
transformed at a cooling rate in the range between 3 ~ 20 °C/s, and ferrite and bainite and no more 
martensite were transformed at a cooling rate lower than 1 °C/s. Bainite transformation start (Bs) and 
martensite transformation start (Ms) temperatures can be calculated by the equations (1) and (2), 
respectively [25-28]. The calculated Bs and Ms temperatures were 606 °C and 378 °C, respectively, 
which are similar to those in this CCT diagram. 

 
Figure 8. CCT diagram of AQ specimen based on a dilatometric experiment. 
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[Bs, °C] = 830 - 270[C] - 90[Mn] - 70[Cr] - 37[Ni] - 83[Mo] (wt.%) (1) 

[Ms, °C] = 561 - 474[C] - 33[Mn] - 17[Cr] - 17[Ni] - 21[Mo] (wt.%) (2) 
Finally, the actual cooling rate for each thickness of the AQ thick plate during water quenching 

was estimated by comparing the microstructure and hardness between the AQ thick plate in the 
thickness direction and dilatometric specimens cooled at various cooling rates. Hardness of 500 Hv 
and martensite at the surface of the AQ thick plate show that the surface should be cooled at a cooling 
rate of 20 °C/s or more. Hardness of 390 Hv and microstructure of martensite and bainite at 1/4t were 
similar to those of the dilatometric specimens cooled at a cooling rate between 5 and 10 °C/s. In the 
case of 1/2t, it was difficult to estimate the cooling rate due to the banded structure, but if the results 
of a Mn-depleted zone are considered, the cooling rate of 1/2t was estimated between 3 and 5 °C/s. 

 

Figure 9. Estimation of cooling rate of AQ thick plate during water quenching by comparison of 
hardness and microstructure between AQ thick plate and dilatometric specimens. 

4. Conclusions 

In this study, the microstructure and hardness of an AQ thick plate with 40 mm thickness were 
investigated in the thickness direction. Dilatometric experiments with specimens from the AQ thick 
plate were conducted to verify the effect of the cooling rate on the microstructure and hardness and 
to make a CCT diagram of the AQ steel. Finally, we estimated the cooling rate of the AQ thick plate 
in the thickness direction during water quenching based on an investigation of the thick plate and 
dilatometric specimens. The surface of the thick plate showed a full martensite microstructure due to 
the fast cooling rate, and the bainite structure was partially transformed at 1/4t due to the slower 
cooling rate. At 1/2t, a banded structure with martensite and bainite was formed due to a 
hardenability difference resulting from central segregation of Mn in the slab. By comparing the 
microstructure and hardness of dilatometric specimens cooled at various cooling rates, the cooling 
rates at the surface and at 1/4t of the thick plate during water quenching were more than 20 °C/s and 
between 5 and 10 °C/s, respectively. The cooling rate at 1/2t was estimated between 3 and 5 °C/s based 
on the results of a Mn-depleted zone. A portion of martensite in both the AQ thick plate and 
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dilatometric specimen was identified as auto-tempered martensite in which there is a Bagayatskii 
orientation relationship between the ferrite matrix and cementite.  
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