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ABSTRACT 

The effect of microstructure on the mechanical properties of three thermomechanically rolled and direct quenched wear 
resistant steel plates was investigated. The prior austenite morphology and transformed microstructure was studied and 
compared to tensile properties and impact toughness. Decreasing the finishing rolling temperature increased the level of 
austenite pancaking. Centerlines of samples consisted mainly of auto-tempered martensite. With lower finishing rolling 
temperatures and higher reductions in the non-recrystallization regime the formation of polygonal ferrite and bainite 
increased at the quarter thickness. High fraction of polygonal ferrite seemed to have a detrimental effect on strength and 
impact toughness. Impact toughness is also impaired by the presence of coarse inclusions. 
 

INTRODUCTION 

In addition to wear resistance, an optimum balance of strength, toughness and formability is the ultimate goal for wear 
resistant steels. The microstructure of wear resistant steels are typically martensitic which can create high strength and 
hardness, but at the expense of toughness and formability. The key is to achieve the proper microstructures for high strength 
and high hardness, but also achieve optimum toughness and formability [1]. Thermomechanical rolling is an effective way to 
improve the final properties of wear resistant steels via austenite deformation prior to quenching. Rolling below non-
recrystallization temperature (Tnr) results in elongation of prior austenite grains in rolling direction, i.e. pancaking of 
austenite. Decreasing the finishing rolling temperature (FRT) increases the pancaking of austenite [2]. The decrease of FRT 
and increasing pancaking of austenite is observed to improve the impact toughness and strength without a remarkable 
decrease in ductility [2–4].	  	  
The presence of various types of non-metallic inclusions in the steel matrix is known to decrease both toughness and ductility 
of the steel. The effect of inclusions on these properties is dependent on the strength of the steel, so that with increasing 
strength the critical inclusion level, i.e. size and number density of inclusions, regarding the desired properties decreases. 
Hard and brittle inclusions such as titanium nitrides (TiN) have been reported to induce cleavage cracking thus increasing the 
ductile to brittle transition temperature in steels and they were observed to lower the ductility as well [5,6]. Soft inclusions 
such as manganese sulphides (MnS) tend to elongate during the hot rolling and deteriorate the ductility of the final product in 
transverse direction regarding the rolling direction thus causing anisotropy [7]. In previous studies it was observed that the 
number density of coarse TiN and elongated MnS should be minimized in ultrahigh-strength steels and the remaining oxides 
should be modified with care to spherical, small and homogeneous particles to guarantee the best possible toughness and 
ductility [8,9]. Elongated MnS were observed to have a detrimental effect also on the longitudinal bendability of ultrahigh-
strength steels [10].  
The size of grains bounded by high-angle grain boundaries, i.e. the effective grain size, which corresponds to the packet or 
the block size, is the dominant microstructural feature that determines the toughness of a martensitic steel [11–13]. 
Additionally, the size of the coarsest grains in the grain size distribution, i.e. d90% has been shown to have a strong influence 
on low-temperature impact toughness in ultrahigh-strength martensitic and bainitic steels [2,14]. 
In this thesis, the effect of finishing rolling temperature and composition on prior austenite grain structure and transformed 
microstructure is investigated. Furthermore, the effect of prior austenite grain structure and transformed microstructure on 
tensile properties, impact toughness, hardness and bendability is studied. Moreover, the influence of texture components on 
bendability and inclusions on impact toughness and bendability is evaluated.  
 

 



EXPERIMENTAL PROCEDURE 

Materials 
In these experiments, three different compositions of 12 mm thick 400HBW wear resistant plate steels were investigated. The 
chemical compositions of investigated steels are shown in Table 1. The plates were hot rolled with varying finishing rolling 
temperature and controlled rolling ratio followed by direct quenching to room temperature at a rate of ~50 °C/s. The hot 
rolling parameters of each investigated materials are shown in Table 2. Higher controlled rolling ratio should increase the 
pancaking of austenite. The non-recrystallization (Tnr), bainite start (BS) and martensite start (MS) temperatures were 
calculated in Table 1 using Fletcher [15], Steven and Haynes [16] and Stuhlmann [17] equations, respectively. 
 

Table 1. Chemical compositions in wt.% and Tnr, BS and MS temperatures in °C. 
Steel C Si Mn Ti Others CEV* Tnr BS MS 

A 0.15 0.6 
1.0…1.4 

0.01 V, Cu, 
Cr, Mo, 

B 

0.49 850 648 445 
B 0.15 0.6 0.02 0.42 829 660 445 
C 0.15 0.6 0.02 0.43 839 644 431 

*CEV=C+Mn/6+(Cr+Mo+V)/5+(Cu+Ni)/15 
 

Table 2. Finishing rolling temperatures and controlled rolling ratios of investigated materials. 
Steel Sample name 

A A-very high FRT-high CR 
A A-high FRT-high CR 
A A-medium FRT-high CR 
A A-low FRT-low CR 
A A-very low FRT-low CR 
B B-high FRT-high CR 
B B-medium FRT-high CR 
B B-low FRT-low CR 
C C-high FRT-high CR 
C C-medium FRT-high CR 
C C-low FRT-low CR 

 
Microstructure characterization 
Prior austenite grain structure was studied with a laser scanning microscope (VK-X200, Keyence Ltd). Samples were etched 
with picric acid to reveal the prior austenite grain boundaries. Grain sizes were determined using the mean linear intercept 
(MLI) method at the quarter thickness. Grain sizes were measured along three principal directions; rolling direction (RD), 
normal direction (ND) and transverse direction (TD). The total reduction in the non-recrystallization regime (Rtot) was 
determined from the aspect ratio of prior austenite grain boundaries using the approach described by Higginson and Sellars 
[18]. 
Transformation microstructures were studied using a Zeiss Ultra Plus field emission scanning electron microscope (FESEM) 
after 2% nital etching. Microstructures were characterized at the quarter thickness and centerline. 
The electron backscatter diffraction (EBSD) measurements and analysis were done using Oxford-HKL acquisition and 
analysis software. The FESEM used for the EBSD measurements was operated at 15 kV and the step size employed was 0.3 
µm. Samples were polished with colloidal silica suspension before analysis. Lath size (dl) and effective grain size (d) were 
determined as equivalent circle diameter (ECD) values with low (2.5–15°) and high-angle boundary misorientation (>15°), 
respectively. The effective grain sizes at 90% in the cumulative size distribution (d90%) were also determined. 
To characterize the inclusions structure, energy dispersive spectrometer (EDS) analysis was performed at 15 kV and 3.5 nA 
on Jeol JSM-7000F (FESEM-EDS). The data were acquired and analyzed by using Oxford INCA software. The working 
distance was 10 mm and each inclusion was measured for 1 second live time. The inclusions were analyzed on cross-sections 
containing the rolling direction (RD) and the plate normal (i.e. thickness) direction (ND). The measured area was approx. 40 
mm2 extending from 0.5 mm below the top to 0.5 mm from the bottom surface. 
 
Mechanical properties 
Tensile tests were conducted at room temperature in accordance with the standard SFS-EN ISO 6892-1:2009 using flat 
specimens (12x20x120 mm3) cut in both longitudinal and transverse directions relative to the RD. Charpy V impact tests 
were conducted both in along and transverse to RD in various temperatures using specimens of size 10x10x55 mm3. Testing 
temperatures ranged from -100 °C to 140 °C. Hardness profile through the thickness was measured with Duramin 300 A with 
HV10 load. Hardness profiles of samples were determined by measuring the hardness at intervals of 1.5 mm with five times 
at any given depth. 



RESULTS 

Microstructure 
     Prior austenite grain structure 
Prior austenite grain size measurements are summarized in Table 3 and prior austenite grain structures are presented in Figure 
1. The mean austenite grain size is measured in rolling direction (RD), normal to rolling direction (ND) and transverse to 
rolling direction (TD). Total reduction in the non-recrystallization regime (Rtot) describes austenite morphology, and higher 
value of Rtot indicates higher austenite pancaking. Sv is the grain boundary surface area per unit. D(u) is the average grain size 
while the grain morphology is equiaxed.  
The highest reductions in the non-recrystallization regime (Rtot) are observed in samples rolled with the lowest finishing 
rolling temperatures. With the highest Rtot values around 45 %, grains are slightly pancaked (Figure 1c). Lower Rtot values 
achieved with higher finishing rolling temperatures result in equiaxed or nearly equiaxed prior austenite grains (Figure 1a).  
 

Table 3. Prior austenite grain size of investigated materials. The 95 % confidence limits of the means are given. 
Sample ND (µm) RD (µm) TD (µm) Sv (mm2/mm3) Rtot (%) D(u) 

A-very high FRT-high CR 18.7 ± 2.2 24.6 ± 2.1 24.0 ± 2.1 95 12.8 22.3 
A-high FRT-high CR 9.7 ± 0.8 16.9 ± 1.2 17.4 ± 1.3 161 24.2 14.2 

A-medium FRT-high CR 9.4 ± 0.7 21.4 ± 1.7 15.9 ± 1.1 163 33.9 14.7 
A-medium FRT-high CR 8.6 ± 0.7 18.4 ± 1.4 13.5 ± 0.9 181 31.4 12.9 

A-low FRT-low CR 7.7 ± 0.6 25.1 ± 2.2 19.4 ± 1.5 176 44.6 15.5 
A-low FRT-low CR -* 

A-very low FRT-low CR -* 
B-high FRT-high CR 21.2 ± 2.7 25.0 ± 2.2 26.6 ± 2.4 86 7.8 24.2 

B-medium FRT-high CR 15.5 ± 1.7 24.9 ± 2.2 23.8 ± 2.0 106 21.0 20.9 
B-low FRT-low CR 8.8 ± 0.7 29.4 ± 2.8 19.1 ± 1.5 158 45.4 17.0 

C-high FRT-high CR 17.7 ± 2.0 23.9 ± 2.1 22.9 ± 1.9 99 14.0 21.3 
C-medium FRT-high CR 15.4 ± 1.6 28.2 ± 2.6 26.7 ± 2.4 101 26.1 22.6 

C-low FRT-low CR 10.5 ± 0.9 35.5 ± 3.7 25.4 ± 2.3 130 45.7 21.2 
* Prior austenite grain sizes of A-low FRT-low CR and A-very low FRT-low CR could not be measured due to the high fractions of ferrite. 

 

 
Figure 1. Prior austenite grain structure at quarter thickness of a) A-very high FRT-high CR (Rtot = 12.8 %), b) A-medium 
FRT-high CR (Rtot = 33.9 %), c) A-low FRT-low CR (Rtot = 44.6 %) and d) A-very low FRT-low CR (Rtot not determined 

due to high ferrite content). 



     Transformation microstructure 
Microstructure characterization at the quarter thickness and centerline is summarized in Table 4. Examples of typical 
microstructure constituents observed are shown in Figure 2. The microstructure constituents present are auto-tempered lath 
martensite (ATM), polygonal ferrite (PF), upper bainite (UB) and lower bainite (LB). The main phase is listed first and the 
secondary phases next. The samples mainly consist of auto-tempered martensite, as presented in Figure 2a. A small fraction 
of upper bainite is also observed in most of the samples (Figure 2b). Polygonal ferrite is observed at surface regions when 
finishing rolling temperature is low. In steel A with very low FRT the main phase through thickness is polygonal ferrite 
(Figure 2c). 
The mean lath sizes (dl) (2.5 – 15°) and effective grain sizes (d) (>15°) are presented in Table 12. The effective grain sizes at 
90% in the cumulative size distribution (d90%) are also shown. Lath sizes (dl) vary in the range of 0.85 – 1.14 µm and 
effective grain size (d) in the range of 1.39 – 1.85 µm. d90% values range between 8.6 and 12.6 µm. Largest effective grain 
and lath size are observed in the A-very low FRT-low CR specimen. 
 
Table 4. Microstructure characterization from quarter thickness and centerline. Also determinate EBSD grain sizes with the 

95 % confidence limits of the means are given. 
Sample Quarter thickness Centerline dl (µm) d (µm) d90% (µm) 

A-very high FRT-high CR ATM ATM 1.04 ± 0.02 1.51 ± 0.06 14.1 
A-high FRT-high CR ATM ATM - - - 

A-medium FRT-high CR ATM ATM 0.98 ± 0.01 1.54 ± 0.05 10.1 
A-medium FRT-high CR ATM ATM - - - 

A-low FRT-low CR ATM, LB, UB, PF ATM, UB 1.04 ± 0.01 1.58 ± 0.05 8.6 
A-low FRT-low CR ATM, UB, PF ATM, UB, PF 1.06 ± 0.02 1.57 ± 0.05 10.6 

A-very low FRT-low CR PF, ATM, B PF, ATM, B 1.14 ± 0.02 1.85 ± 0.08 12.6 
B-high FRT-high CR ATM ATM - - - 

B-medium FRT-high CR ATM ATM - - - 
B-low FRT-low CR ATM, UB ATM, UB - - - 

C-high FRT-high CR ATM, UB ATM - - - 
C-medium FRT-high CR ATM ATM - - - 

C-low FRT-low CR ATM, B, PF ATM, PF - - - 
 

 
Figure 2. Typical microstructures of investigated steels at the quarter thickness. a) Martensitic and b) upper bainitic 

microstructure in B-low FRT-low CR specimen and c) mixture of polygonal ferrite and martensite in A-very low FRT-low 
CR specimen. 

     Inclusions 
The size and composition distribution of all inclusions is shown in Figure 3. The size of inclusions is defined by measuring 
their longest length. Most of the inclusions are relatively small with length below 5.8 µm (Figure 3a). In all steels typical 
inclusions are calcium-rich inclusions (CaS, CaO and CaAlO) and TiN (Figure 3b). The amount of Ca-rich inclusions is quite 
stable between the samples and the largest differences are seen in the number of TiN inclusions. In steel B, the number of 
TiN inclusions is considerably higher than in steel A, and in steel C the number of TiN is clearly highest. A small amount of 
mixed MnS-TiN inclusions are observed in steel C. 
Coarse inclusions are known to have a detrimental effect on impact toughness [8–10]. Therefore, size and composition of 
inclusions with their longest dimension more than 5.8 µm are presented in Figures 3c and 3d. The amount of large inclusions 
is the highest in steel C, and the largest difference is observed in inclusion size class 5.8…8 µm. The number of coarse TiN 
inclusions is clearly highest in steel C, although there are also differences between other samples. 
 



  
Figure 3. Inclusion size and type distribution. a) Inclusion size distribution, b) inclusion type, c) number of coarse (>5.8 µm) 

inclusions and d) type of coarse (>5.8 µm) inclusions. 

Mechanical properties 
     Tensile test 
Results of tensile tests are shown in Table 5. Yield strength (Rp0.2) values range between 666 – 1159 MPa in longitudinal to 
rolling direction and between 677 – 1184 MPa transverse to rolling direction. Tensile strength (Rm) values in longitudinal and 
transverse to RD are 992 – 1381 MPa and 974 – 1409 MPa, respectively. High ferrite content through thickness decreases the 
strengths of steel A with the lowest FRTs, while strengths of other samples are rather constant and similar in both testing 
directions. 
Total elongation (A5) values range between 11.7 % – 15.7 % and uniform elongation (Ag) values between 3.4 – 7.7 % in 
longitudinal to rolling direction. In transverse direction, the corresponding values are 7.5 – 12.8 % and 2.3 – 6.1 %. 
 

Table 5. Tensile test values and mean hardness of through the thickness. 
 Longitudinal to rolling direction (RD) Transverse to rolling direction (TD) Mean 

hardness 
(HV10) Sample Rp0.2 

(MPa) 
Rm 

(MPa) 
A5  
(%) 

Ag 
(%) 

Rp0.2 
(MPa) 

Rm 
(MPa) 

A5 
(%) 

Ag  
(%) 

A-very high FRT-high CR 1043 1255 13.5 3.8 1083 1274 11.7 3.1 431 
A-high FRT-high CR 1085 1277 12.6 3.4 1118 1296 11.0 3.0 445 

A-medium FRT-high CR 1113 1299 13.3 3.5 1164 1343 10.1 2.9 427 
A-low FRT-low CR 954 1187 11.7 4.1 1004 1187 7.5 2.5 374 

A-very low FRT-low CR 666 992 15.7 7.7 677 974 9.8 6.1 276 
B-high FRT-high CR 1002 1248 12.8 3.6 1013 1262 11.9 3.4 408 

B-medium FRT-high CR 1031 1278 12.5 3.7 1051 1302 11.4 3.4 415 
B-low FRT-low CR 1052 1297 12.0 3.6 1081 1336 10.2 3.2 453 

C-high FRT-high CR 1054 1323 13.3 4.4 1059 1331 12.8 3.9 439 
C-medium FRT-high CR 1084 1347 12.5 4.1 1099 1374 11.5 3.8 426 

C-low FRT-low CR 1159 1381 11.7 3.5 1184 1409 9.4 2.3 433 



 
     Impact toughness 
Results of impact toughness tests are shown in Table 6. Results are shown from testing temperatures, where most of the 
samples were tested, i.e. in -40 °C, -20 °C and 0 °C. The upper shelf energies (US) and T28J temperatures were determined 
from samples A-high FRT-high CR, A-medium FRT-high CR, A-low FRT-low CR and A-very low FRT-low CR. Highest 
impact toughness results are observed in steel A samples, while steel B and C show notably lower impact toughness levels. 
Furthermore, the impact toughness of steel A seems to drastically decrease with lowering the finishing rolling temperature. 
Upper shelf energies in steel A samples range between 220 – 95 J in rolling direction and between 226 – 56 J transverse to 
rolling direction. The T28J temperatures in rolling direction and transverse to rolling direction range between -70…-43 °C 
and -73…3 °C, respectively. 
 

Table 6. Impact toughness results in longitudinal and transversal direction. 
 Longitudinal to rolling direction Transverse to rolling direction 

Sample -40 °C 
(J) 

-20 °C 
(J) 

0 °C 
(J) 

US 
(J/mm2) 

T28J 
(°C) 

-40 °C 
(J) 

-20 °C 
(J) 

0 °C 
(J) 

US 
(J/mm2) 

T28J 
(°C) 

A-very high FRT-high CR 32 50 90 - - 24 49 63 - - 
A-high FRT-high CR 36 63 170 220 -43 58 95 157 226 -50 

A-medium FRT-high CR 60 136 183 229 -70 111 141 - 237 -73 
A-low FRT-low CR 38 - 61 120 -51 35 40 - 75 -53 

A-very low FRT-low CR 33 - 53 95 -46 16 20 27 56 3 
B-high FRT-high CR 16 29 41 - - 15 27 39 - - 

B-medium FRT-high CR 25 35 48 - - 19 34 50 - - 
B-low FRT-low CR 36 51 71 - - 30 41 58 - - 

C-high FRT-high CR 19 27 34 - - 19 24 35 - - 
C-medium FRT-high CR 21 31 43 - - 23 35 45 - - 

C-low FRT-low CR 24 33 43 - - 22 37 41 - - 
 

DISCUSSION OF STRUCTURE-PROPERTY RELATIONSHIPS 

Effect of finishing rolling temperature and composition on microstructure 
The effect of finishing rolling temperature and controlled rolling ratio on prior austenite grain structure is shown in Figure 4a. 
It can be seen, that decreasing finishing rolling temperature increases the pancaking of austenite. Since austenite pancaking 
does not seem to be affected by increasing the controlled rolling ratio, the degree of austenite pancaking is not reliably 
predictable from controlled rolling ratio alone. Therefore, FRT provides quite reliable prediction for achievable degree of 
austenite pancaking. Since the Rtot values of all grades are rather constant at similar finishing rolling temperatures, it can be 
stated that chemical composition of steels did not affect the degree of austenite pancaking.  
Transformation microstructure in materials with high finishing rolling temperatures mainly consists of auto-tempered 
martensite with small fractions of upper bainite. As finishing rolling temperature is lowered, the fraction of bainite increases. 
When FRT further decreases, also polygonal ferrite is observed. When FRT is very low, the main phase through thickness is 
ferrite. These results are consistent with observations of Kaijalainen et al. [4] and Saastamoinen et al. [19], while reducing the 
finishing rolling temperature and increasing the reduction in the non-recrystallization regime enhances the formation of 
polygonal ferrite and bainite at the expense of auto-tempered martensite.  
The main differences between the compositions studied are in their manganese and molybdenum contents. Transformation 
temperatures of martensite and bainite are both lowered with increasing amounts of manganese and molybdenum [16,17]. 
Although the compositions of steels are different, the calculated MS and BS temperatures are rather constant varying in the 
range of 431 °C – 445 °C and 644 °C – 660 °C, respectively. Also, there are no major differences in transformed 
microstructures between varying compositions. These observations indicate, that the hardenability of each grade is rather 
similar.  
The effective grain size d90%, corresponding to the effective grain size at 90% in the cumulative size distribution, appears to 
decrease with decreasing FRT and increasing Rtot, as seen in Figure 4b. In specimen A-very high FRT-high CR, with the 
highest FRT, the d90% is 14.1 µm, whereas d90% is decreased to 8.6 µm in specimen A-low FRT-low CR in which Rtot is high. 
However, in the case of A-low FRT-low CR and A-very low FRT-low CR, in which ferrite content is high and Rtot therefore 
undeterminable, the d90% is increased to 10.1 µm and 12.6 µm, respectively. 
 



 
Figure 4. The effect of finishing rolling temperature on a) the reduction in the non-recrystallization regime (Rtot) in 

investigated steels and b) lath size (dl), effective grain size (d) and d90% of steel A specimens. The controlled rolling ratio for 
each specimen is also shown. 

 
Effect of finishing rolling temperature and composition on mechanical properties  
The strengths are almost same levels in longitudinal and transversal direction in each material. Therefore, the effect of 
finishing rolling temperature (i.e. pancaking of austenite) on tensile properties only in longitudinal is shown in Figure 5. The 
yield and tensile strengths seem to slightly increase with decreasing FRT and increasing Rtot in steel B and C. However, yield 
and tensile strengths of steel A seem to reach maximum values with intermediate finishing rolling temperatures above 850 
°C. The lowest strengths are observed in A-low FRT-low CR and A-very low FRT-low CR, in which ferrite contents were 
high through thickness. In these samples, yield strength and tensile strength values range between 666 –1004 MPa and 974 – 
1187 MPa, respectively. It can be stated, that high ferrite content through thickness decreases the strengths significantly. 
Similarly, the mean hardness through the thickness decreases as high ferrite content is increased. 
Total and uniform elongations show differences in results depending on testing direction: elongations are lower in transversal 
direction. Nevertheless, total and uniform elongations seem to decrease with increasing strength. 
 

 
Figure 5. The effect of finishing rolling temperature (FRT) on a) yield (Rp0.2), b) tensile strength (Rm), c) total (A5) and d) 

uniform elongation (Ag) in longitudinal to rolling direction. 



Kaijalainen et al. [2,4] presented, that lowering the finishing rolling temperature, i.e. decreasing the prior austenite grain size, 
improves the toughness of ultrahigh-strength steels. However, decrease of FRT has rather weak effect on the impact 
toughness of steel C, as can be seen from Figure 6b and c. The results are similar both in rolling direction and transverse to 
rolling direction. The weaker impact toughness of steel C might be affected by other factors such as inclusion content. In 
steel A, the toughness increases with decreasing finishing rolling temperature and increasing reduction in the non-
recrystallization regime in most of the testing temperatures to a medium FRT. 
The impact toughness results of steel A significantly decrease when FRT is very low. The specimens, where the impact 
toughness is high, consist mostly of auto-tempered martensite. In samples with lower impact toughness values resulting from 
lower finishing rolling temperatures and higher Rtot values the microstructure is inhomogeneous including high fractions of 
polygonal ferrite in addition to auto-tempered martensite. It could be, that the inhomogeneous microstructure might have a 
decreasing effect on the impact toughness of steel A specimens.  
As discussed above, decreasing the grain size is an effective way to improve the toughness. The most important grain 
boundaries affecting the fracture properties of martensitic steels are the high-angle boundaries [20]. The significant decrease 
in impact toughness results of steel A as FRT is lowered could be explained by the coarser effective grain size, as illustrated 
in Figure 6d. Therefore, while the coarsest grain sizes increases, i.e. the 90 percentile grain size (d90%), the impact toughness 
decreases, also seen by Hannula et al. [21]. However, despite the smallest d90% in sample A-low FRT-low CR, the impact 
toughness of A-low FRT-low CR is not better than the toughness of samples with larger grain sizes. In fact, the impact 
toughness of A-low FRT-low CR is drastically decreased compared to samples rolled with higher FRTs. 
 

 
Figure 6. Relationship between hot rolling parameters and Charpy-V impact toughness in a) steel A (longitudinal), b) steels B 

and C (longitudinal), c) steels A, B and C (transverse) and d) effect of d90% on impact toughness at -40 °C. 
 
The effect of inclusions on impact toughness 
The effect of coarse inclusions on Charpy-V impact toughness in the studied steels is shown in Figure 7. Steel B and 
especially steel C contain much more inclusions, and lower impact toughness levels in these steels could be at least partially 
explained by the higher inclusion content. According to Tervo et al. [8,9] coarse inclusions, especially TiN inclusions, 



decrease the impact toughness of high-strength steels. The detrimental effect of coarse inclusions on impact toughness can 
also be observed in present study. The impact toughness results of steel B and C are overall significantly lower compared to 
impact toughness results of steel A. The amount of coarse inclusions is very high in steel C, and rather high in steel B. As 
noted also by Tervo et al. [9] ( the differences due to number of coarse inclusions is more pronounced in testing temperature 
0 ºC than in -40 ºC, which indicates that the rolling parameters and therefore austenite pancaking have a greater effect in the 
brittle temperature region in the studied steels. In steel C, the impact toughness values are low even in 0 ºC, which is caused 
by the high number of coarse inclusions, mainly TiN. The difference between the very clean steel A samples (number of 
coarse inclusions <0.3 pcs/mm2) in -40 ºC can be explained by FRT and microstructures as above are discussed, whereas the 
sample A-medium FRT-high CR showing the best results. Thus, excellent impact toughness can be achieved with a 
combination of clean steelmaking and correct hot rolling parameters.  
 

 
Figure 7. The relationship between coarse inclusions and impact toughness at a) -40 ºC and b) 0 ºC testing temperature. 

 
CONCLUSIONS 

In this study, the effect of microstructure on the mechanical properties of wear resistant steels was investigated. Three 
different compositions of 400 HBW steel plates were hot rolled with varying finishing rolling temperatures, which resulting 
difference levels of austenite pancaking and in transformed microstructures. 
The pancaking of austenite increased with decreasing finishing rolling temperature and no significant difference in the levels 
of austenite pancaking was observed between steel compositions. The microstructures at centerlines consisted mainly of auto-
tempered martensite with small fractions of upper bainite. Decreasing the finishing rolling temperature enhanced the 
formation of polygonal ferrite and bainite in the surface layers at the expense of auto-tempered martensite. With the lowest 
finishing rolling temperatures, the formation of polygonal ferrite increased and the fraction of ferrite was high through 
thickness. The calculated Ms and Bs temperatures and transformed microstructures were similar between steels. 
Consequently, it can be assumed, that the hardenability is similar among steels.  
Differences in inclusions contents were observed among steels. Steel A was relatively clean and contained low amount of 
inclusions. The main inclusions were found in steel A were calcium rich inclusions. The amount of inclusions was higher in 
steel B, and considerably higher in steel C, compared to steel A. The steel B and C contained also larger fraction of coarse 
inclusions. The inclusions found in steel B and C contained were mainly TiN and calcium rich inclusions.  
In mostly martensitic specimens, strength and toughness increased with decreasing FRT and increasing pancaking of 
austenite. When high fraction of polygonal ferrite was present due to the lowest finishing rolling temperatures, the strength 
and impact toughness decreased significantly. Decreasing the effective grain size (d90%) was observed to be beneficial in 
terms of achieving higher impact toughness results. Also, high amount of coarse inclusions was observed to impair the 
impact toughness.  
According to these results, it is recommendable to choose low finishing rolling temperatures to increase the pancaking of 
austenite, which improves the impact toughness and strength of wear resistant steel plates. However, finishing rolling 
temperature should be high enough to prevent the excessive formation of polygonal ferrite resulting in highly inhomogeneous 
microstructure. Also, the quenching should be rapid enough to ensure the homogeneous, mostly martensitic microstructure. 
By eliminating coarse inclusions via proper steelmaking operations, excellent impact toughness levels could be obtained. 
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