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A B S T R A C T   

Experimental steels, a direct-quenched and partitioned (DQP) steel and a carbide-free bainitic steel (CFB), were 
tested along with a commercial martensitic 500 HB grade wear resistant steel in high-stress abrasive conditions. 
The three steels had different microstructures consisting of varying fractions and morphologies of martensite, 
retained austenite, and bainitic ferrite. The results showed that the CFB steel had a lower mass loss compared to 
the martensitic 500 HB steel with a similar hardness level. The DQP steel had a higher initial hardness and 
outperformed the other two steels. Wear surface characterization revealed that the investigated steels had sig
nificant work hardening of the wear surface, except with different mechanisms. Transformation induced plas
ticity (TRIP) increased the hardness of the DQP and CFB steels, while the fully martensitic 500 HB had more 
white layer formation on the wear surface resulting in increased hardness.   

1. Introduction 

Wear resistant steels are widely utilized in different applications in 
abrasive wear conditions. Most commercial wear resistant steels consist 
of a single-phase martensitic microstructure. However, steels with 
multiphase microstructures have become an increasingly interesting 
option as wear resistant materials. Recent studies have focused on two 
different steel variants in which retained austenite has a major role: the 
quenched and partitioned (Q&P) [1–3] and carbide-free bainitic (CFB) 
steels [4–7]. The former combines martensite with retained austenite to 
improve the toughness and ductility of the high-strength martensite. The 
main idea of Q&P processing is to enable the stabilization of the desired 
fraction of untransformed austenite at room temperature, which is 
achieved by interrupted quenching between the martensite start and 
finish temperatures, then followed by the partitioning at a desired 
temperature for a suitable period [8,9]. During the partitioning step, 
carbon is diffused out from supersaturated martensite into the un
transformed austenite, which leads to stabilization of austenite at room 
temperature. Several compositions and processing routes have been 
studied to find the optimal combination of mechanical properties. On 
the other hand, direct quenching and partitioning (DQP) process is a 
modified approach to produce Q&P steels by removing the reheating 

stage and involving thermomechanical processing for refining the 
microstructure [10–13]. 

The DQP steels consist mainly of finely divided interlath retained 
austenite between the martensite blocks together with fractions of 
transition and/or cementite precipitates within tempered martensite, 
while the CFB steels might comprise several phases or microconstituents 
(i.e., bainitic ferrite, finely divided retained austenite within bainite 
blocks/plates together with fraction of primary/secondary martensite). 
The strength of CFB steels is derived from the extremely fine bainitic 
laths while the retained austenite provides ductility and toughness [14]. 
The transformation induced plasticity (TRIP) effect of the retained 
austenite is essential for both Q&P and CFB steels in enhancing the 
mechanical properties. Moreover, the retained austenite affects the work 
hardening of steel, and is thought to improve the wear resistance. In 
addition, the retained austenite has been reported to have an effect on 
crack initiation and propagation in a favorable manner [15,16]. If the 
energy of the particles inflicting wear is sufficient to transform the 
retained austenite into martensite, the wear surface hardness should 
increase and reduce wear. However, several factors affect the stability of 
retained austenite and the subsequent ability to transform into 
martensite [15,17,18]. 

The CFB steels have shown promising results in terms of wear 
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resistance. A great deal of research work has shown that the CFB steels 
may outperform some other steels in different wear conditions [5, 
19–21], even when tested against initially higher hardness steels [6]. 
The Q&P steels, on the other hand, have shown somewhat mixed results. 
In some studies, the Q&P steels have not shown better performance 
compared to fully martensitic counterparts [12], while there are also 
studies with improved wear resistance over some reference materials [2, 
3]. Additionally, it should be noted that the more traditional 
single-phase martensitic steels are still widely used as wear resistant 
materials and the research work for martensitic steels continues. Despite 
the differences in wear performance between steels with distinct mi
crostructures, there are also great differences between the commercial 
martensitic steels in terms of wear resistance [22]. Some factors such as 
prior austenite grain size [23,24], tempering [25], and chemical 
composition [26] may have a drastic effect on the wear performance of 
martensitic steels. Furthermore, it appears that the martensitic steels 
also work harden to a great extent in harsh wear conditions [27] 
possibly improving the wear resistance. The current study was initiated 
to provide insight on the wear characteristics of novel CFB and DQP 
steels, and to compare these steels with a commercial martensitic steel. 
The research work was done to evaluate which of the steels would 
provide the best wear performance in the high-stress abrasive 
conditions. 

In one of the authors’ earlier studies, an experimental 0.3C DQP steel 
showed no clear improvement of wear resistance over a similar hardness 
martensitic steel in impact-abrasive conditions [12]. However, the latest 
iterations of the 0.4C DQP steel were studied for the microstructural 
features and mechanical properties in a recent study [28] showing 
promising results, and therefore one of these DQP steels was selected for 
wear testing. The new DQP steel has higher carbon and silicon contents, 
more retained austenite, and more austenite in the form of M/A islands 
compared to the previous version [12]. Likewise, the CFB steels tested in 
another study showed highly promising results for the wear perfor
mance [6], and hence one of these experimental steels was selected to be 
compared with the DQP steel. The selected CFB steel showed the best 
wear performance of the tested sixteen steels. For the comparison, a 
commercial 500 HB wear resistant steel was selected as a reference 
material. Therefore, the aim of this study was to compare the wear 
performance of these three steels with distinct microstructures to un
derstand how the different microstructural features of the steels affect 
the high-stress abrasive wear performance. Comprehensive character
ization of the wear surfaces was performed after wear testing, and work 
hardening has been discussed to clarify the differences in wear behavior 
between the three investigated steels and their respective 
microstructures. 

2. Materials and methods 

2.1. Processing and chemical compositions 

Three steels were investigated in the study: two experimental steels 
(DQP and CFB) and one commercial wear resistant steel (500 HB). The 
chemical compositions of the steels are given in Table 1. Vacuum-casts 
for both the experimental steels were originally provided by OCAS 
NV, Belgium. The DQP cast was cut to smaller blocks with dimensions of 
120 mm × 80 mm × 60 mm, which were soaked at 1200 ◦C for 2 h prior 
to two-stage laboratory hot rolling to a final thickness of 11 mm. The 

final rolling temperature was 820 ◦C, which was followed by direct 
quenching to a quench stop temperature of 150 ◦C. This was immedi
ately followed by the partitioning treatment in a large-mass furnace set 
to 200 ◦C. The furnace was then switched off, and the plates were 
allowed to cool slowly for 24 h in order to simulate the cooling of coiled 
strips in the industrial hot rolling process. The plate temperature was 
around 80 ◦C after the 24 h cooling. A more detailed description of the 
DQP processing can be found in a previous study [28], where referred to 
as DQP-FC (Med-Si). 

The CFB ingots (150 mm × 150 mm × 500 mm) were homogenized 
at 1250 ◦C for 24 h followed by rough rolling to a thickness of 45 mm. 
After the annealing, 2 mm was milled away from both the upper and 
lower surface of the blocks, which were then cut to smaller dimensions 
for hot rolling. The reheating of the smaller blocks was done at 1250 ◦C 
for 90 min. Hot rolling was done above recrystallization temperature 
followed by cooling (20 ◦C/s) to 550 ◦C for two ausforming passes to 
reach the final thickness of 12 mm. Followed by the ausforming, the 
bainite transformation was ensured by isothermal holding at 350 ◦C for 
90 min. The detailed processing route and previous wear test results of 
the CFB steel can be found in Ref. [6], abbreviated there as MT-E and 
more detailed information about the selection of the isothermal holding 
time in Ref. [29]. The commercial 500 HB wear resistant steel plate was 
selected as reference material for the wear testing. The same steel grade 
was used as reference material in the previous study [6]. 

2.2. Mechanical testing and microstructural characterization 

Mechanical testing has been performed for the CFB and DQP steels in 
the two aforementioned studies [6,28], which included tensile and 
hardness (Vickers method) testing. A minimum of three tensile test 
samples or five indentations for hardness testing per experimental alloy 
were done. Wear surface hardness measurements were done with the 
Vickers HV0.05 method on tapered samples [6,22]: pieces were cut from 
the wear samples and cold-mounted at 10◦ angle to horizontal by using a 
taper section sample holder. The mounted samples were then ground, 
polished, and etched with Nital for hardness testing and microstructural 
characterization. The wear surface hardness was measured directly from 
the highly deformed surface as close as possible to the granite covered 
surface layer. At least three different spots were measured with each 
containing five indentations. 

Initial microstructures and wear surfaces were characterized using 
Keyence VK-X200 laser scanning confocal microscope (LSCM) and Zeiss 
Sigma field-emission scanning electron microscope (FESEM). Samples 
were prepared by grinding, polishing, and Nital etching to reveal the 
microstructures. Phase volume fractions for the CFB steels were calcu
lated by the point counting method according to ASTM E 562 standard 
[30]. Electron backscatter diffraction (EBSD, EDAX Hikari XP) and 
backscatter electron (BSE, Zeiss Sigma) were utilized to extract more 
information of the wear surfaces. The BSE imaging was utilized for the 
calculation of the fraction of area covered by granite with the aid of a Fiji 
image processing tool package based on ImageJ open-source image 
analysis software. Three images and analysis were done on each sample. 
Rikagu SmartLab 9 kW X-ray diffractometer (XRD) was used for deter
mining the retained austenite content of the samples for both unworn 
and worn states. The measurements were done using a CoKα source at a 
scanning rate of 7◦ min− 1 over the range of 2θ = 24–130◦. The 
diffraction peaks were analyzed by Rietveld refinement [31–33] and the 
phase fractions were calculated using PDXL2 software. 

2.3. High-stress abrasive wear testing 

Wear testing was performed at Tampere Wear Center, Tampere 
University, Finland, utilizing a pin-mill type dry-pot tester. The 
application-oriented high-stress abrasive testing device and similar pa
rameters were also used for testing the CFB steel as in the previous study 
[6]. The device consists of a steel pot inside which a shaft fitted with 

Table 1 
Chemical compositions of the investigated steels (in wt.%, balance Fe). 500 HB 
showing the nominal maximum content.  

Material C Si Mn Al Cr Mo V Nb 

DQP 0.4 0.7 2.0 0.02 1.0 – – – 
CFB 0.5 1.3 2.0 <0.01 0.7 <0.01 0.1 0.02 
500 HB 0.3 0.8 1.7 – 1.5 0.5 – –  
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paddle-like samples is rotated in a gravel bed. Natural crushed granite 
from Kuru quarry, Finland, was used as the abrasive medium in the 
testing. The gravel was sieved to 8–10 mm size distribution and every 
batch of gravel weighed 9000 g. Fine quartzite (100–600 μm, Nilsiä 
quarry, Finland) was placed under the granite batch for every test period 
to ensure that the gravel would not pack underneath the shaft head. The 
shaft inside the pot was rotated at 250 rpm for a total of 240 min divided 
into 60-min test periods. For every 60-min test period, the samples were 
weighed, and the gravel was changed to a new fresh batch of sharp 
granite particles. Also, the sample position in the sample holder was 
changed for every period to ensure similar conditions for all samples 
during the 240-min test round. The sample size was 64 mm × 40 mm ×
10 mm and the samples were fitted to the sample holder shaft at +45◦

angle to normal (Fig. 1). Four samples were tested at a time and two 
240-min tests were conducted, which both consisted of one DQP, one 
CFB and two reference material samples. Thus, two samples were tested 
for the experimental materials (DQP and CFB) and four samples were 
tested for the commercial 500 HB material. 

3. Results 

3.1. Microstructure and mechanical properties 

FESEM micrographs of the studied steels are shown in Fig. 2. The 
images show the bulk microstructure of each steel taken from 2.5 mm 
below the surface. As it has been previously presented [28], the DQP 
microstructure consisted of some fresh, but mostly tempered martensite 
with packets and blocks (Fig. 2a) inside the parent austenite grains. 
Needle-like transition carbides could be seen, and the number of car
bides was extensive indicating that the martensite was strongly 
tempered during the long (24 h) partitioning process. In addition to the 
martensitic matrix, some martensite/austenite (M/A) islands were pre
sent shown in Fig. 2a’. Transmission electron analysis [28] had shown 
that DQP steel exhibited also finely dispersed interlath retained 
austenite present not visible in the FESEM micrographs. The analysis of 
the DQP steels revealed that the grain structure was slightly elongated 
owing to the hot rolling below the recrystallization temperature. The 
prior austenite grain size was estimated to be around 20 μm (mean linear 
intercept method [34]). The retained austenite content for the DQP steel 
was 13% (XRD). 

The CFB steel showed different microconstituents in the micro
structure: bainitic ferrite, some martensite, and M/A islands (Fig. 2b and 
b’). The steel had a multiphase structure with estimated phase average 
fractions of 61% of bainitic ferrite (BF), 16% of martensite (grid point 
counting method), and 22.9% of retained austenite (RA) (XRD) [6]. The 

CFB microstructure appeared more heterogeneous compared to the 
martensitic steels showing some local differences in the fraction of 
different microconstituents. Martensite was in the form of martensi
te/austenite (M/A) islands. The bainitic ferrite features, which included 
all bainitic features (laths, plates, granular bainite), was measured with 
image analysis, and resulted in average size of 368 ± 24 nm [6]. The 
average size was somewhat larger than often reported for CFB steels [35, 
36]. 

The 500 HB steel (Fig. 2c and c’) had a typical lath-type martensitic 
microstructure with number of small transition carbides in the structure, 
presumably formed due to autotempering. The commercial 500 HB steel 
showed no retained austenite (<1%, below detection accuracy) present 
in the microstructure (XRD). Both martensitic DQP and 500 HB steels 
had quite similar microstructures with tempered martensite (TM) and 
transition carbides as the main constituents, while the major differences 
were the retained austenite content DQP: 13%, 500 HB: <1%) and the 
amount of fresh martensite (FM) (visibly higher for 500 HB). 

The mechanical properties of the steels are presented in Table 2. 
Tensile properties for the 500 HB steel are typical values from the 
product sheet provided by the manufacturer. The DQP steel had the 
highest strength and hardness, while the CFB had slightly better uniform 
elongation possibly due to the higher retained austenite content or 
different morphology of the austenite. Compared to the commercial 500 
HB steel, the two experimental steels had very low yield-to-tensile 
strength ratio owing to the retained austenite and subsequent TRIP ef
fect and work hardening. However, it should be noted that these types of 
steels rarely exhibit sharp yield limit, thus the 0.2% offset yield strength 
is given. Both the yield strength and tensile strength were higher for the 
DQP compared to the CFB. Furthermore, the initial bulk hardness was 
higher for the DQP (594 HV) while the CFB and 500 HB steels had 
similar hardness of 535 HV. 

3.2. Wear test results 

The measured mass loss from the dry-pot testing is given in Table 3 
along with values for the initial hardness, wear surface hardness, and 
retained austenite content measured prior to and after the wear testing. 
The DQP steel had the lowest mass loss (1.310 ± 0.011 g) followed by 
the CFB (1.371 ± 0.028 g) and 500 HB (1.417 ± 0.014 g). The mass loss 
and initial hardness/wear surface hardness did not show linear 
correlation. 

The wear surface hardness measured from the tapered samples 
revealed large increase for the hardness. The DQP had the highest wear 
surface hardness (896 HV0.05), but the highest relative increase in 
hardness was measured for the 500 HB steel (+60%). The deviation for 

Fig. 1. a) Schematic illustration of the high-stress abrasive tester (dry-pot) and b) image of the tester fitted with four samples at +45◦ angle [23].  
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the wear surface hardness was large due to the highly localized surface 
deformation. 

Retained austenite measured directly from the wear surface showed 
that for the DQP all austenite had transformed during the high-stress 
abrasive testing. The CFB with higher initial retained austenite con
tent had some retained austenite (6.2%) still present after the wear 
testing. The retained austenite volume fractions of 500 HB were below 
the determination limit both prior and after the wear testing. 

3.3. Wear surface characterization 

The wear surfaces of the investigated steel samples were character
ized from the side (LSCM, FESEM, EBSD) and from above (LSCM: 
tapered samples, BSE). The cross-sectional view of the wear surfaces is 
shown in Fig. 3. The panorama images were taken with the LSCM by 
stitching several images together using the combination of laser images 
for sharpness and optical images for the colors. Granite particles had 

Fig. 2. Typical bulk FESEM micrographs of the investigated a-a’) DQP, b-b’) CFB, and c-c’) 500 HB steels with close-up images on the right (TM: tempered 
martensite, M/A: martensite/austenite, RA: retained austenite, BF: bainitic ferrite, FM: fresh martensite). 

Table 2 
The mechanical properties (0.2% offset yield strength (Rp0.2), ultimate tensile 
strength (Rm), yield-to-tensile strength ratio, uniform elongation (Ag) and bulk 
hardness (HV10) and retained austenite volume content of the investigated 
steels. 500 HB yield and tensile strength as received in from product data sheet.  

Material Rp0.2 

[MPa] 
Rm 

[MPa] 
Yield 
ratio 

Ag 

[%] 
Hardness 
[kgf/mm2] 

Retained 
austenite 
[%] 

DQP 
[28] 

918 ±
36 

2086 
± 44 

0.44 7.1 
±

0.2 

594 ± 8 13 ± 1 

CFB [6] 821 ±
10 

1912 
± 9 

0.43 7.9 
±

0.6 

535 ± 22 22.9 ± 1 

500 HB 1300 1600 – – 535 ± 16 <1  

Table 3 
Wear test results with hardness and retained austenite values.  

Material Mass loss [g] Bulk hardness HV10 [kgf/ 
mm2] 

Wear surface hardness HV0.05 [kgf/ 
mm2] 

Hardness 
increase 

Retained austenite – prior 
[%] 

Retained austenite – after 
[%] 

DQP 1.310 ±
0.011 

594 ± 8 896 ± 87 +51% 13 ± 1 <1 

CFB 1.371 ±
0.028 

535 ± 22 834 ± 62 +56% 22.9 ± 1 6.2 ± 0.5 

500 HB 1.417 ±
0.014 

535 ± 16 856 ± 51 +60% <1 <1  
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embedded in all the samples, which is typical for steel samples tested 
with a dry-pot method. Also, a shallow tribolayer with a mixture of steel 
and granite had formed on all samples. 

Starting with the DQP, the wear test sample had some visible 
deformation in the wear surface, however the depth of deformation was 
somewhat difficult to estimate. A closer investigation revealed that some 
deformed structures could be seen reaching a depth of approximately 15 
μm from the surface. A mixture of steel and granite had formed a tri
bolayer on the surface, however no substantial amount of white etching 
layer [27,37] was detected. The CFB, on the other hand, also showed 
plastically deformed structures near the wear surface and some parts of 
the deformed microstructure appeared to have more white areas or 
features. This cannot be clearly stated to be the white layer, but it could 
be a martensitic layer formed due to the TRIP effect, which was expected 
based on the amount of retained austenite present (22.9%). It has been 
previously discussed that the CFB steels might not be as susceptible as 
martensitic steels to form white layer in abrasive conditions [6]. 
Opposing the observations for the other two steels, the fully martensitic 
500 HB steel had some clearly visible white layer formed on the wear 
surface. It was noted that the microstructure was deformed and elon
gated in the direction of the abrasive flow, which is often seen with such 
martensitic steels [22,23]. The depth of deformation did not differ 
drastically from the other steels; generally, around 10–15 μm. 

Montage images were also created from the tapered samples to show 
the top view of the wear surfaces in Fig. 4. The grey, greenish area on the 
top of the images is the granite covered surface layer. Due to the tapered 
sections, the scale bar (40 μm) is valid only for the horizontal direction. 
Vertical movement for the length of the scale bar corresponds to 
approximately 7 μm in depth revealing the deformed microstructure just 
underneath the granite covered tribolayer. The white layer can be seen 
better in these images for the DQP (Fig. 4a) and 500 HB (Fig. 4c). Some 
small areas of the white layer were visible in the wear surface of the 
DQP, whereas white areas were drastically thicker for the 500 HB steel. 
The CFB steel did not show any or only very minor areas of the white 
layer. Therefore, it could be speculated that the increase in hardness was 
caused by different microstructural features for the CFB steel; the 
transformation of austenite to martensite (TRIP) and work hardening of 
the bainite and martensite. These images also showed how the granite 
had penetrated the surface and mixed with the deformed steel. In this 
matter, the CFB appeared to have the thickest layer of this mixed tri
bolayer of steel and granite, whereas the interface of the granite covered 
surface and bulk microstructure was sharper for the 500 HB, and for the 

DQP it was somewhere in between. 
FESEM images of wear surface cross-sections of the investigated 

steels are shown in Fig. 5. The microstructures have been heavily 
deformed for all the samples, but the depth of deformation was quite low 
as already seen with the laser-optical images. Naturally, some material 
has been removed from the surface, but in general, the abrasion has 
inflicted damage very close to the surface. The elongated structures are 
the most distinct features caused by the abrasion. However, the severity 
of the deformation changes throughout the deformed structures: two 
distinct regions are visible in the close-up images (Fig. 5), especially for 
the DQP (Fig. 5a) and CFB (Fig. 5b) steels. The DQP shows some areas 
(marked with I in Fig. 5a) with quite undistinguishable microstructure i. 
e., very fine-scale constituents are presumably present. On the other 
hand, the CFB steel also shows two different regions of deformed 
microstructure, but the area (II in Fig. 5b) appears different from the 
severely deformed region of the DQP steel. In contrast to the other two 
steels, the 500 HB (Fig. 5c) did not show such severely deformed regions 
to the same extent, while the deformation was more in the form of 

Fig. 3. Laser-optical panorama images of the wear surface cross-sections of the three investigated steels: a) DQP, b) CFB, and c) 500 HB. Abrasive flow from left 
to right. 

Fig. 4. Laser-optical montage images of the tapered samples: a) DQP, b) CFB, 
and c) 500 HB. 
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elongated constituents presumed to be the highly deformed martensitic 
sub-structure (laths, packets). 

The BSE images, in Fig. 6, were taken directly on the granite covered 
surface. The amount of granite (dark areas) embedded in the wear 
surfaces was substantial. The close-up images in Fig. 6 show the typical 
abrasion marks of microploughing and microcutting, which are often 
found after high-stress abrasive testing. Some possible lip formation was 
found, but no clear evidence of delamination could be confirmed. The 
plastic deformation was visible in the form of multiple grooves and 
furrows caused by the abrasives. It can be expected that the ploughed 
material on the groove ridges is eventually removed by the constant 
plastic deformation caused by the granite particles, either by cutting or 
fatigue. The BSE imaged surfaces were quite similar between the steel 
samples, though the CFB steel showed more of small pits on the surface. 
Also, the fraction of granite covered surface area was estimated higher 
for the 500 HB steel compared to the other two steels. The surface area 
covered in granite was calculated from BSE images and averaged 59 ±
3% for the DQP, 57 ± 4% for the CFB, and 62 ± 3% for the 500 HB. 

Fig. 7 presents the inverse pole figure (IPF) and image quality (IQ) 
EBSD maps of the wear surface cross-sections for all the investigated 
specimens. In the case of the DQP sample with the martensite as the 
matrix and reference material (500 HB) with a fully martensitic micro
structure, a severely deformed surface layer along the wear direction is 
clearly observed. The severe deformation and straining of martensite 
produced a very fine structure and high hardness level in this surface 
layer. As listed in Table 3, these two samples achieved higher final 
hardness after the wear testing compared to the CFB sample. Likewise, in 
the previous study [27], it has been demonstrated that martensite could 
accommodate multidirectional impacts and severe plastic deformation 

by creation, movement, and rearrangement of dislocations. This could 
result in formation of nanocrystalline and sub-structure (in the range of 
few hundred nanometers) surface layer having low- and high-angle 
grain boundaries and extremely high hardness value. However, in the 
case of DQP, the deformation can initially be accommodated by the 
deformation of retained austenite and the subsequent transformation of 
retained austenite to fresh martensite. Both the XRD and the EBSD in
vestigations of the wear area of the DQP sample indicated that almost all 
retained austenite transformed to martensite during abrasive wear. Both 
the formation of nanocrystalline structure due to the deformation of old 
martensite matrix as well as the formation of nano-scaled fresh 
martensite as a result of stress induced transformation of retained 
austenite increase the hardness of the surface layer and furthermore can 
be assumed to improve the wear resistance [5]. 

In the case of the CFB sample, the deformed surface has a slightly 
coarser structure than those of the two other owing to the ductile bai
nitic matrix which can accommodate more deformation than martensite 
as well as the higher fraction and higher stability of retained austenite. 
In agreement with the XRD results, as given in Fig. 8, the EBSD char
acterization similarly revealed that there was still some retained 
austenite remaining on the wear surface and sub-surface. This indicates 
higher mechanical stability of retained austenite in the CFB sample 
compared to the DQP steel; presumably due to the higher carbon content 
of the CFB steel. Based on the data presented in Fig. 8b, it appeared that 
the large and blocky type of retained austenite with specific crystal 
orientations had exhibited remarkable stability during the severe 
straining of the wear test. However, in order to obtain a more compre
hensive understanding of this phenomenon, further investigations uti
lizing additional techniques such as high-resolution electron backscatter 

Fig. 5. FESEM cross-sectional images of the wear surfaces with close-up images on the right: a-a’) DQP, b-b’) CFB, and c-c’) 500 HB.  
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diffraction (HR-EBSD) and transmission electron microscopy (TEM) are 
necessary. These techniques will allow for a more detailed analysis of 
the orientation relationship between retained austenite, initial 
martensite, and mechanically-induced martensite and provide addi
tional insights into their behavior during the wear test. 

4. Discussion 

The two experimental steels (DQP and CFB) showed very good wear 
performance when tested in high-stress abrasive conditions. Both steels 
outperformed the martensitic 500 HB wear resistant steel, though the 
initial hardness for the DQP steel was higher. Regarding the mechanical 
properties, the most interesting feature for the DQP and CFB was the low 
yield-to-tensile strength ratio (<0.5): the yield strength was less than 
1000 MPa for both steels, however the tensile strength reached up to 
2000 MPa indicating very high strain-hardening during the tensile 
testing. Though it cannot be stated clearly that the tensile properties 
would have a connection on the wear performance, the yield ratio did 
indicate that substantial work hardening would be expected later to be 
confirmed by the hardness increase of the wear surfaces. Another 
distinct feature of the mechanical properties of the DQP and CFB steels 
was the bulk hardness: both steels had high initial hardness (>500 HV) 
compared to the yield strength (800–900 MPa), another character of 
high work hardening ability. Although, it should be borne in mind that 
the determination of 0.2% offset yield strength is somewhat ambiguous 
for such steels with no sharp yield limit. Nevertheless, the key finding 
here was that connecting the quasi-static mechanical properties of a 
given steel and abrasive wear resistance is quite difficult [38], and 
mechanical properties can only be treated as one of many implications 

for the wear resistance in abrasive conditions. 
The high-stress abrasive wear testing method produced severe wear 

on all the investigated steels. Heavy abrasion was the main wear 
mechanism inflicted by the crushed granite particles. The BSE images of 
the wear surfaces (Fig. 6) showed that microploughing and microcutting 
resulted in the main damage, but it can be assumed that some of the 
ploughed material was eventually removed by surface fatigue. Granite 
particles had been embedded in the wear test samples and the fraction of 
granite covered area was substantial for all the samples. It has been 
debated whether the abrasive particle embedment could provide some 
protection against wear in crushing pin-on-disc testing [39,40], but such 
phenomenon has not been discovered in dry-pot testing [25]. In the 
current study, the CFB had the lowest fraction of granite coverage, but it 
did not show the lowest mass loss. On the other hand, the 500 HB had 
the highest mass loss and the highest fraction of granite covered surface 
area. Therefore, it was concluded that the granite embedment did not 
provide any additional protection against the abrasive wear in the cur
rent test conditions. 

The steels were prone to severe deformation leading to accumulation 
of strain and subsequent work hardening. The microstructures of the 
investigated steels comprised different phases and microconstituents 
resulting in different wear behavior. Initially, the steels exhibited 
hardness greater than 500 HV, but substantial work hardening occurred 
during the wear testing. The deformed wear surfaces had hardness in the 
range of 800–900 HV, while bulk hardness was less than 600 HV for all 
three steels. The DQP had the highest wear surface hardness, but the 
difference was not that prominent: the difference in the initial hardness 
was actually lower compared to the difference in wear surface hardness. 
The DQP had a 4.4% lower mass loss compared to the CFB and 7.6% 

Fig. 6. BSE images of the wear surfaces with close-up images on the right: a-a’) DQP, b-b’) CFB, and c-c’) 500 HB.  
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lower compared to the 500 HB. The initial hardness was 11% higher for 
the DQP compared to CFB and 500 HB, whereas the wear surface 
hardness was 7.4% (CFB) and 4.7% (500 HB) higher for the DQP, 
respectively. Therefore, the correlation between either of the hardness 
values, initial or wear surface, with mass loss was not as straightforward 
as expected. In the two previous studies with DQP and CFB steels, either 
the initial hardness [12] or the wear surface hardness [6] correlated well 
with the wear performance, but in both studies the reference 500 HB 
steel was excluded from the linear correlation. Therefore, it can be still 
debated whether the correlation between either initial hardness or wear 
surface hardness and mass loss is only valid for the steels of similar 
microstructure or composition. However, the wear surface hardness was 
measured from the interface between the granite-covered surface and 
the deformed structure beneath from the tapered samples as close as 

possible to the surface. This method does not account for whether the 
indentation has been made on white layer, shear band, or deformed 
microstructure. As the white layer and shear bands tend to exhibit 
significantly higher hardness over the less severely deformed micro
structure [22], the comparison of hardness favors those steels with more 
white layer formation. It can be debated whether the 500 HB had higher 
average wear surface hardness due to the presence of very hard white 
layer when compared to the CFB sample. The white layer formed during 
wear processes has been discussed whether it can improve or deteriorate 
wear resistance in steels [27,37,41]. The significant increase in wear 
surface hardness of the 500 HB was presumably caused by the extremely 
hard white layer, which in turn might have decreased the wear perfor
mance when compared to the CFB steel with lower hardness, but 
absence of white layer. The extremely fine and hard white layer resists 

Fig. 7. Inverse pole figure (left) and image quality (right) EBSD maps of the wear surfaces of the investigated steels: a-a’) DQP, b-b’) CFB, and c-c’) 500 HB.  
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microcutting, but the large hardness gradient between this layer and the 
bulk microstructure creates a possible pathway for cracks to propagate 
resulting delamination or spalling. Furthermore, the high-hardness 
white layer is more prone to surface fatigue due to the decreased 
capability to plastic deformation. However, the wear conditions leading 
to such behavior are more likely to occur when severe impact loading is 
present [27,41] whereas the current wear test conditions were more 
abrasive. On the other hand, the DQP steel did show some white layer 
and very fine features in the wear surface, but possibly the TRIP effect 
reduced possible deteriorating effect of the white layer on the wear 
performance. Also, the area covered by white layer was less for the DQP 
compared to the 500 HB. 

The CFB and 500 HB steels were also tested in the previous study [6], 
where both were measured a slightly higher mass loss, which could have 
been caused by the use of a newer batch of granite provided by the 
quarry. However, the difference between the two also slightly varied. 
Here, the mass loss for the CFB steel was 3.2% lower compared to the 
500 HB, whereas in the previous tests the difference in the mass loss was 
5.8% in favor of the CFB. The CFB had similar wear surface hardness in 
both studies, but the 500 HB had around 50 HV higher wear surface 
hardness in this study. This indicates that the wear performance had 
slightly increased for the 500 HB steel. The change in the wear perfor
mance of the 500 HB might have been caused by some local deviation 
within the material or by a slightly different batch of material, which 
essentially led to higher work hardening and marginally better wear 
performance. Also, previously [6] the RA content for the CFB steel after 
wear testing was 3.9% while now it was measured 6.2%, which might 
partially explain differences in the wear performance when comparing 
to the 500 HB steel. The deviation for the testing method and tested 
materials (when cut from the same plate) are generally very low, less 
than 3%. 

The most interesting feature of the study is how the steels showed 
high work hardening. Considering the different compositions, micro
structures, and evidently different wear surfaces, it could be stated that 
all steels showed a great degree of work hardening, but this most likely 
occurred by slightly different mechanisms. It can be assumed that the 
TRIP effect played a major role in the work hardening of DQP and CFB 
steels. The amount of retained austenite had decreased significantly for 
both the DQP and the CFB indicating that strain-induced martensite had 
formed during the wear testing leading to higher hardness. All of the RA 
had diminished from the surface of the DQP steel, but the CFB still had 
6.2% austenite present. Therefore, it can be stated that part of the work 
hardening for the two experimental steels is explained by the TRIP ef
fect, while some part of work hardening is presumably caused by the 
deformation and work hardening of the surrounding matrix. 

Furthermore, the effect of retained austenite on the abrasive wear per
formance can be concluded positive for the investigated steels. 

The DQP steel consisted of martensite and retained austenite, thus 
the work hardening of martensite was also expected. However, it is 
somewhat difficult to distinguish how much of the hardness increase 
each of the two different work hardening mechanisms accounted for. 
Moreover, as no retained austenite was detected on the wear surface of 
the DQP sample, it can be stated that the stability of the interlath RA was 
not too high for the TRIP effect to take place. The initial RA content was 
13% and the carbon content of the RA was 0.59 wt%, whereas after the 
tensile testing the RA content was below 1% [28]. Despite the thermal 
stability of the film-like residual austenite in the DQP steel, which is 
stable at room temperature, it will readily transform to martensite under 
straining and also during the high-stress abrasive wear testing. 
Furthermore, the wear surface will have two different martensite pre
sent during wear: the initial martensite formed during quenching and 
the transformation induced martensite due to the TRIP. Both will be 
subjected to severe plastic deformation and subsequent work hardening. 
With current characterization methods, it is challenging to distinguish 
the role of these two martensitic phases in the wear resistant properties 
of the DQP steel in abrasive conditions. However, some TEM images 
have proven that mechanically induced twins have been discovered in 
the strain induced martensite along with very high dislocation density 
[2]. As for the CFB steels, it has been proposed that the severely 
deformed layer with final structure of equiaxed nano-sized grains is 
originated from both ferrite and austenite: the ferritic structure trans
forms into nanograins due to the dislocations while austenite would 
depend on twins and dislocations [42]. This confirms that the resulting 
strain induced martensitic structures have different properties to some 
extent. 

The CFB steel had more phases present with different morphologies 
making the work hardening more complicated to study. The total 
amount of bainitic ferrite was estimated 61% including all bainitic 
ferritic features (bainitic laths and plates, granular bainite) making 
bainite the dominating phase in the initial microstructure compared to 
martensite (16%) and retained austenite (22.9%). As mentioned, the 
TRIP effect was presumed to influence the work hardening similar to the 
DQP steel regarding the role of retained austenite. As the wear surface of 
the CFB steel appeared somewhat different from the two martensitic 
steels, it can be speculated that TRIP and the following work hardening 
of the wear surface does differ from martensite (500 HB) or martensite 
with retained austenite (DQP) due to the presence of other phases. The 
bainitic matrix also resisted the abrasion and the deformed and elon
gated microstructure was seen in the FESEM images (Fig. 5b and b’). The 
EBSD results (Fig. 7b and b) also confirmed the gradual change from the 

Fig. 8. Retained austenite distribution in the CFB sample wear surface: a) Image quality (austenite in green) and b) inverse pole figure map of retained austenite 
distribution of the CFB wear surface sample (EBSD). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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most worn part to the less severely deformed structure for the CFB. The 
topmost layer consisted of very fine structures of the highly deformed 
bainite, martensite, and transformed martensite with some retained 
austenite. Accordingly, the wear surfaces of the 500 HB and the DQP 
essentially transformed into fully martensitic structures during wear, 
while this did not occur with the CFB based on the EBSD and XRD 
measurements, and retained austenite was still present after wear testing 
(6.2%). The carbon content for the retained austenite in the CFB steel 
was estimated in an earlier study to be 1.01 wt% [43], which would 
explain higher stability of the RA during abrasive wear and the amount 
of untransformed RA in the wear surface. In addition, the laser-optical 
images of the CFB sample (Figs. 3b and 4b) showed the absence of 
white layer. 

Likewise in the DQP sample, the main fraction of retained austenite 
in the CFB sample transformed into hard martensite during severe 
plastic deformation caused by particle impacts. This resulted in the 
hardening of the surface and sub-surface layers where the volume 
fraction of induced martensite decreased with sub-surface depth as the 
severity of plastic deformation decreased from surface towards the bulk. 
It has been reported that in CFB steels the formation of nanoscale 
martensitic laths from the retained austenite could reduce the void and 
crack formation beneath the wear surface by absorbing the energy from 
the repeated particle impacts and enhances the abrasive wear resistance 
[15,44]. The high-stress abrasive conditions in this study caused repet
itive microploughing and microcutting; the retained austenite trans
formed into martensite during the ploughing (deformation) while the 
strain-induced martensite later resisted cutting. It can be also specu
lated that the different morphologies of the retained austenite in the CFB 
steel (blocky, film-like, M/A islands) [15] affect the TRIP effect and the 
resulting microstructure differently, which essentially then acts as the 
new wear surface. In high-stress wear conditions, the film-like interlath, 
more stable austenite has been proven to provide better wear resistance, 
i.e. the ratio between interlath and blocky austenite should favor the 
former type [7]. The same study also suggested that the martensite 
induced from the film-like austenite might provide structure less prone 
to crack formation compared to the martensite induced from the blocky 
austenite. In addition, the volume expansion due to the face-centered 
cubic to body-centered cubic transformation could act as crack closure 
mechanism [45]. Still, the stable austenite could have two-fold effect on 
the wear performance: crack-tip blunting and absorbing crack propa
gation energy might be useful [46], but the essentially lower hardness of 
the austenite might prove detrimental. 

The freshly formed microstructure will have different interactions 
with the initial and newly formed microconstituents and this finally 
determines the wear resistance of the CFB steel in the wear conditions 
with continuous deformation of the wear surface. It should be borne in 
mind that deformation during wear will reach further underneath into 
the sub-surface: as the topmost layer eventually wears out the layers 
beneath have already been subjected to deformation and microstruc
tural changes [47]. Hence, all the differently deformed layers will in
fluence the wear resistance. As a summary, the deformation of different 
phases during abrasive wear creates a highly complex phenomenon, and 
the role of each phase, especially in worn and deformed state, could not 
be explained thoroughly here. Therefore, it is interesting that all steels 
eventually exhibit slightly different wear performance achieved by 
different mechanisms. 

5. Summary and conclusions 

The study encompasses the characterization of high-stress abrasive 
wear performance of three steels with distinct microstructures. A com
mercial 500 HB martensitic wear resistant steel was compared with 
experimental carbide-free bainitic (CFB) and direct-quenched and par
titioned (DQP) steels. After wear testing and subsequent microstructural 
characterization, the following conclusions were made:  

1. The DQP steel had the lowest mass loss in wear testing while the CFB 
steel outperformed the similar hardness level 500 HB martensitic 
steel. The DQP steel had the highest initial hardness and the highest 
wear surface hardness measured after wear testing.  

2. Wear surfaces hardened to a high degree in all investigated steels, 
although with different mechanisms. The DQP and CFB steels had 
retained austenite transformed into martensite due to the TRIP 
resulting in increased wear surface hardness. The martensitic 500 HB 
steel had pronounced white layer formation along with grain 
refinement on the wear surface leading to increased surface 
hardness.  

3. All investigated steels showed very fine deformed structures in the 
wear surfaces. Retained austenite transformed completely into 
martensite in the DQP steel while the CFB steel had still some 
austenite present in the immediate vicinity of the wear surface.  

4. The dry-pot high stress abrasive testing inflicted wear damage mostly 
by microploughing and microcutting mechanisms. The granite par
ticles had caused severe plastic deformation seen in the wear surfaces 
as ploughed material and grooves. 
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