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Abstract 

 

The recently developed method of direct quenching and partitioning (DQ&P) was utilized to 

produce ultra-high strength martensitic steels with retained austenite. The DQ&P steels have high 

surface hardness while retaining good impact toughness and elongation values. The toughness and 

elongation properties are attributed to the retained austenite which is stabilized in the DQ&P 

process. The aim was to study if DQ&P processing could be utilized for improved abrasive wear 

resistance. Two medium-carbon (0.3 %) chemical compositions were selected with varying 

amounts of silicon, aluminum and chromium. The processing route for DQ&P involved interrupted 

water quenching with two different quench stop temperatures (TQ) (175 and 225 °C). Direct 

quenched (DQ) variants were also produced for comparison of both mechanical properties and wear 

characteristics. Compared to the DQ treatment, improved impact toughness and elongation to 

fracture were achieved with the DQ&P treatment while initial strength and hardness was reduced. 

An impeller-tumbler testing device was used to measure the impact-abrasive wear performance of 

the different experimental microstructures and compared with that of a reference commercial 500 

HB steel. No advantage of the increased ductility of the DQ&P steels was apparent; wear resistance 

was shown to only correlate with the initial surface hardness of the steels.  

 

 

1. Introduction 

 

Commercial wear resistant steels have been evolving towards higher and higher hardness values, 

especially in the category of low and medium carbon steels. An increase in surface hardness, in 

general, improves the wear resistance of steels. In this respect, martensitic steel grades are potential 

candidates, as they exhibit high surface hardness and strength properties in the as-quenched state. 

Besides, they have proven to be cost-effective in applications requiring high wear resistance. 

Nowadays, modern processing routes allow the use of leaner compositions due to the possibilities 

of microstructural engineering via innovatively designed thermomechanical rolling procedures and 

subsequent heat treatments to achieve high strength [1–3]. Despite the desired increase in surface 

hardness and also strength, the high quenching rates often encountered in these processing 

techniques may result in poor ductility, inadequate toughness and low work hardening capability. 

Tempering improves toughness with only a marginal loss of hardness, but the work hardening 

capacity and uniform elongation may not necessarily be improved to desired levels, not to mention 

the additional energy costs and increased processing times. 
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In contrast to the carbon steels, high-manganese (Hadfield) steels with 10-15 % Mn and high 

carbon content (0.8-1.4 %) provide greater work hardening capability during intensive wear caused 

by the high stresses generated during impact loading, but the surface hardness of unworn Hadfield 

steel is not equivalent with medium carbon wear resistant steels [4,5]. Thus, abrasion by hard 

particles causes extensive wear even on high-manganese steels with unhardened surface, if the 

imposed stress is not sufficient to cause work hardening of the surface. Such abrasive wear may be 

caused by gravel, while larger rocks inflict more damage by impact wear. Harsh wear conditions, 

e.g. those encountered in mining and mineral handling, the agricultural sector and heavy transport, 

would certainly benefit from cost-effective wear resistant steels with both sufficiently high initial 

surface hardness and good work hardening capability. [6–8] 

 

Besides fully martensitic and fully austenitic steels, multiphase steels have also been studied with a 

view to wear-resistant applications. Different approaches and microstructure concepts have been 

introduced, such as soft ferritic matrix with varying amount of hard martensite phase [9,10]. Also, 

another approach has been studied by allowing formation of small fractions of ferrite (<11 %) prior 

to quenching to martensite [11]. The driving force for studying the multiphase structures is based on 

the concept that the wear resistance of steels is not solely dependent on hardness, but it is rather a 

combination of hardness, ductility, toughness and strength that provides the resistance to abrasive 

wear [12].  

 

In this work, the newly adopted quenching and partitioning processing route was selected for 

producing wear resistant steels with a combination of relatively high surface hardness, high 

strength, excellent low temperature toughness and good work hardening capability. The quenching 

and partitioning (Q&P) route has been introduced and intensively studied in the past decade for 

developing low and medium carbon steels with essentially martensite-austenite microstructures 

[13–20]. In the Q&P processing, the steel is first austenitised and then quenched to a temperature 

between the martensite start (Ms) and finish (Mf) temperatures and held at the quenching stop or 

slightly higher partitioning temperatures for a suitable duration to impart carbon partitioning from 

the supersaturated martensite to austenite, which can thereby be stabilized down to room 

temperature. The formation of iron carbides and the decomposition of austenite are intentionally 

suppressed by the use of Si, Al or P alloying [21,22]. While the martensitic matrix has the potential 

to provide the required high strength, a small fraction of finely divided austenite stabilized between 

the martensitic laths has been shown to provide the desired uniform elongation and improved work 

hardening through the transformation induced plasticity (TRIP) effect. Such fine division of 

austenite in martensitic matrix with high stability could be beneficial in wear applications [23–25].  

 

A modified approach to conventional Q&P processing is direct quenching and partitioning 

(DQ&P), in which thermomechanical rolling is followed by direct quenching to a quench stop 

temperature (TQ) between Ms and Mf and subsequently held isothermally in that temperature or 

heated to a somewhat higher temperature close to Ms. Experiments have also been performed in 

which, after quenching, the steel is allowed to cool very slowly over 25-50 hours in order to 

simulate the cooling of coiled strips in actual industrial rolling [26,27]. In other words, DQ&P 

process does not require any additional reheating, for instance, to tempering temperature, but the 

quenching and partitioning are applied directly after all hot rolling operations [22,24,25]. 

Thermomechanical controlled processing (TMCP) invariably involves two-stage rolling: first 

recrystallization controlled rolling (RCR) above the recrystallization limit temperature (RLT), 

followed by the second stage of controlled rolling in the non-recrystallization regime below the 

recrystallization stop temperature in order to achieve fine pancaked grains in the microstructure. 

The aim of the DQ&P processing is not only to make the process environment-friendly, i.e. more 

energy efficient, but also technologically feasible and acceptable for large-scale steel production   

[27–31]. The DQ&P steels represent a new ultra-high strength class of steel with excellent 

mechanical properties. Therefore, it is of interest to study the behavior of these steels in demanding 

wear systems. 

 

 



The aim of the present investigation is to understand the wear characteristics of DQ&P processed 

medium carbon steels in relation to those of the conventional direct quenching process and to assess 

its suitability for wear applications. Two chemical compositions were selected for the study and 

processed in a laboratory hot-rolling mill. Attempts were made to achieve different levels of 

retained austenite by varying the DQ&P parameters. For comparison, direct quenched variants of 

both compositions as well as a commercial 500HB wear resistant steel grade were also included in 

the test program. An impeller-tumbler high-stress impact-abrasion wear tester was employed for 

measuring the wear performance.  

 

2. Materials and methods 

 

The experimental steels were melted in a vacuum induction furnace and cast as 100 kg ingots by 

OCAS, Ghent, Belgium. The chemical composition was analyzed using a combustion method and 

ICP-OES and the results are presented in Table 1. The large ingots were cut into smaller blocks 

with dimensions of 120 x 80 x 60 mm, which were then soaked for two hours at 1200 °C in a 

furnace prior to two-stage hot rolling on a laboratory rolling mill. The temperature of the samples 

during rolling and quenching was monitored by ANSI K-type thermocouples placed in holes drilled 

into the middle of the samples from their long edge. The first stage comprised hot rolling in four 

passes from a thickness of 60 to 26 mm with about 0.2 strain/pass. The temperature of the fourth 

pass was in the range 1020–1040 °C. Stage 2 comprised waiting for the temperature to drop below 

900 °C and then rolling to a thickness of 12 mm with four passes of about 0.2 strain/pass and a 

finish rolling temperature (FRT) in the range 800–820 °C. The rolled plates were then directly 

quenched in water to a quench stop temperature (TQ) of either 225 or 175 °C followed by 

immediate transfer to a pre-heated furnace maintained at the same temperature as the TQ to facilitate 

the partitioning process. The plates were then allowed to cool slowly (over about 50 h) to room 

temperature by switching the furnace off. For the sake of comparison, direct quenched variants 

were also subjected to the two-stage hot rolling described above, followed by quenching to room 

temperature (RT). It is to be noted that the quench stop temperatures (TQ) were chosen on the basis 

of thermomechanical simulations conducted on a Gleeble 3800 simulator, the details of which are 

beyond the scope of this work. A commercial 500 HB direct quenched wear resistant steel was also 

included in the wear testing program as a reference in the wear testing. The experimental DQ&P 

(and DQ) steels tested in this work are identified as Steels A and B, the commercial steel is 

abbreviated as 500 HB.  

 
Table 1. Chemical compositions of the tested steels. Steels A and B provided by OCAS. Alloying element 

content shown in wt.%, balance Fe. 

Material C Si Mn Al Cr Mo Nb 

Steel A 0.3040 0.5600 2.0000 1.1000 2.2000 0.0040 0.0050 

Steel B 0.2940 0.9853 1.8600 0.0073 0.0020 0.0031 0.0006 

        

Material V Cu B N Ni S P 

Steel A 0.0010 0.0020 0.0003 0.0010 0.0010 0.0010 0.0010 

Steel B 0.0005 0.0038 0.0001 0.0031 0.0034 0.0009 0.0026 

 

Tensile tests were performed on a Zwick Roell Z100 tensile testing machine for examining the 

engineering stress-strain and work hardening behavior at room temperature. The tensile test 

specimens cut along the axis of the rolled plates, i.e. rolling direction, were tested according to the 

standard EN 10002-1. The dimensions of the test specimens were 80 mm overall length (Lf), 6 mm 

diameter of the gauge section (d), 40 mm parallel length of the reduced section (Lc) and 30 mm 

gauge length (L0). Three specimens were tested for each rolled sample. Vickers hardness 

measurements were made across the thickness of the plates on all rolled plates (bulk hardness) 

using a 10-kg load and at least 10 measurements with a Struers Duramin A-300 hardness tester. The 

surface hardness values were measured from the machined wear test samples prior to testing with 

total of 10 indentations per material (HV10). For Charpy-V impact testing, specimens were cut in 

the longitudinal direction of rolling having dimensions 10 x 10 x 55 mm with V-notches machined 



according to the standard EN 10045-1. KV (−40 °C) values were estimated using the transition 

curves produced over the temperature range from −120 °C to 40 °C using a total of nine samples 

per steel variant.  

 

The measurements of retained austenite fractions were done with X-ray diffraction (XRD) on a 

Rikagu SmartLab 9 kW XRD unit. A rotating Co-anode was used as the radiation source for CoKα 

X-rays. The equipment was operated at 135 mA and 40 kV settings. A focused parallel beam (PB) 

optical device, namely polycapillary CBO-f (Cross Beam Optics-focused) device of Rikagu, was 

used in all measurements. The features of this device permit the direct measurement of the phases 

from worn surface. Detexturization measurement was performed to eliminate the effect of texture 

and to collect the correct intensities of the phases. The procedure includes the tilting of the 

specimen (chi, ) with 5° steps up to an angle of 70°, i.e. the  axis varied from 0° to 70° and 

simultaneously rotated 360° around the   (phi) axis. The total scanning time was 100 minutes. The 

volume fractions of retained austenite were calculated from the X-ray data using the Rietveld whole 

powder profile fitting method on commercially available PDXL2 software. 

 

Wear testing was done using an impeller-tumbler device available at Tampere Wear Center (TWC), 

Tampere University of Technology, Tampere, Finland, for evaluating the wear characteristics and 

performance of DQ&P samples in comparison with their DQ versions as well as the commercial 

500 HB steel. The facility has been utilized extensively in studying the wear resistance of both 

experimental and commercial steel grades in high-stress impact-abrasive conditions [32–34]. The 

test set-up is shown in Figure 1. The system consists of an impeller part in which test samples are 

attached and a tumbler that surrounds the impeller. Different types of abrasive gravel can be placed 

in the tumbler part. Both impeller and tumbler rotate in the same direction, and the tumbler is 

designed to allow the abrasive particles to impact the rapidly rotating samples. Three samples can 

be tested simultaneously and the sample orientation relative to the sample holder perimeter can be 

selected from 30, 60 or 90 degrees.  

 

 
Figure 1. Schematic illustration of impeller-tumbler wear testing device (left) [32] and a photograph of the 
device with samples and abrasive in place (right). 

 

The test parameters were selected in order to maximize the wear: impeller rotation speed was set at 

700 rpm and tumbler at 30 rpm. Test time was chosen as 60 minutes and a 15-minute running-in 

phase was done before the actual test to ensure steady-state wear and removal of any debris that 

may have been left by machining of the samples. The mass of the samples was measured prior to 

testing and after every 15 minutes. The sample size was 75 x 25 x 10 mm and two such samples 

were tested for each steel type and/or processing condition. The wear test samples were cut 

transverse to the rolling direction. One reference sample was included in all tests to ensure that any 

abnormalities during testing could be detected. Thus, two test steels and one reference sample were 

tested at the same time. The samples were rotated between the three slots for every 15-min test 

period to ensure similar conditions for all samples. 

 



The sample orientation was set to 60° relative to the perimeter of the sample holder to cause both 

heavy abrasion and impact wear. The angle of incidence, however, is not necessarily the same as 

the sample angle because the abrasives are moving freely inside the tumbler. Natural granite from 

Kuru, Finland, was selected as the abrasive material. The gravel was sieved to select a preferred 

size range of 10–12.5 mm and a 900 g gravel batch was placed inside the tumbler for each 15-min 

period. The renewal of the abrasives every 15 min ensured that fresh, sharp abrasives were present. 

The maximum impact energy of the granite particles is around 80 mJ, and the contact velocity at the 

tip of the sample could be up to 8 m/s.  

 

Microstructures were characterized with a laser scanning confocal microscope and a field emission 

scanning electron microscope (FESEM, Zeiss Sigma). The samples were polished and etched with 2 

% Nital prior to microstructural characterization. Electron backscatter diffraction (EBSD) was also 

included to detect retained austenite. The laser scanning confocal microscope (Keyence VK-X200) 

was utilized for surface roughness measurements of the worn samples. The surface roughness was 

measured 6 mm from the tip of the samples on 12 x 9 mm area. The rounded edges were not 

included in the measurements to ensure comparable measurements. Each sample was measured 

three times. The surface roughness measurement method is based on the standard ISO 4287-1997.  

 

 

3. Results 

 

3.1 Mechanical Properties and Microstructures 

 

A summary of the mechanical properties obtained on the two steels are presented in Table 2, which 

includes the average tensile properties, hardness and estimated Charpy impact energies at −40 °C. 

Retained austenite content was also included in the table for ready comparison. The mechanical 

properties of the direct quenched variants of both steels were practically the same. The cooling rate 

during water quenching was quite high (≈ 60–80 °C/s), and both steels experienced almost identical 

cooling paths. Hence, it is expected that the two steels had almost fully martensitic microstructures 

after direct quenching, resulting in very similar mechanical properties, despite the differences in the 

chemical compositions. 
 

Table 2.  Mechanical properties of the tested steels and the retained austenite content (RA).  

Material TQ Rp0.2 [MPa] Rm [MPa] Ag (%) Bulk [HV10] KV [J] RA [%] 

Steel A DQ RT 1477±44 2086±9 3.7±0.1 627±11 8 2.6 

Steel B DQ RT 1475±69 2095±9 3.9±0.2 628±10 11 2.8 
        

Steel A DQ&P 175 °C 1322±26 1910±12 4.6±0.1 544±7 38 6.3 

Steel B DQ&P 175 °C 1196±71 1871±11 4.6±0.2 573±6 45 6.6 
        

Steel A DQ&P 230 °C 1026±54 1717±20 5.7±0.3 505±5 43 10.1 

Steel B DQ&P 220 °C 1108±44 1659±14 5.1±0.4 526±6 41 10.2 
        

500 HB* - 1300 1600   510-570 30 <0.5 

*Information from manufacturer’s data sheet (typical properties) 

Rp0.2 (0.2 % offset yield strength), Rm (tensile strength), Ag (plastic component of the uniform elongation), HV10 

(Vickers hardness 10 kgf), KV (−40 °C, J) (Charpy-V impact energy at -40 °C for 10x10x55 mm samples), RA 

(retained austenite content). Standard deviations included. Rwp values for the RA measurements were less than 5.  

 

Referring to Table 2, the DQ&P steels showed some differences in strength and hardness, but still 

came fairly close to each other in respect of other properties and retained austenite contents. 

However, interrupting quenching at a given TQ is difficult to control compared to direct quenching 

to room temperature (RT). Therefore, it cannot be clearly stated whether the observed differences in 

the strength and hardness were attributed to processing or chemical composition.  

 



It can be seen that DQ&P processing improves the toughness and elongation with a concomitant 

decrease in hardness and strength levels. As expected, the amount of retained austenite increases 

with the higher partitioning temperature. According to the information from the manufacturer’s data 

sheet, the commercial 500 HB steel should have target mechanical properties that are roughly in 

between or even lower than those of the DQ&P steels quenched at 175 and 225 °C 

 

 
Figure 2. FESEM images of the tested steels.  

 



Figure 2 shows representative microstructures of different DQ/DQ&P samples, which essentially 

comprise martensitic laths. The images were recorded at ¼ depth below the surface on cross-

sections perpendicular to the rolling direction, i.e. sections containing the transverse and thickness 

directions. Also included in the figure is the microstructure of the industrial 500 HB steel sample 

for comparison. The presence of small fractions of interlath retained austenite is difficult to discern 

from these micrographs, but can be revealed by transmission electron microscopy (TEM) and, to 

some extent, by EBSD [16,19]. The microstructures are typical of martensitic steels and as 

expected, no significant differences can be seen, except for the extent of fine precipitates (white 

contrast), which are presumably carbides. The subgrain structure with laths and packets can be 

clearly distinguished. The increase of partitioning temperature has resulted in stronger carbide 

formation in the 225 °C variants of both Steels A and B despite the presence of Si and Al.  The lath 

size appears very fine and prior austenite grain size was estimated to be about 15 µm for all 

laboratory steels. Though not presented here, preliminary light optical microscopy of these samples 

has shown that the austenite was partially rolled below the its recrystallization temperature 

elongating the grains to an aspect ratio of the order of 1.3 to 1.5 in rolling direction. The 

commercial 500 HB wear resistant steel also showed martensitic laths, but the grain size seemed 

coarser at an estimated 20 µm and more inclusions were visible. Rod-shaped cementite precipitates 

were also detected in the 500 HB steel, presumably as a consequence of auto-tempering during 

quenching.  
 

 

 
Figure 3. EBSD IQ and high angle grain boundary image with 40 nm step size for Steel B 225 °C. 
 

XRD measurements showed that higher fractions of retained austenite were found in the samples 

subjected to DQ&P treatment compared to those of the direct quenched variants. However, no clear 

evidence of pools of retained austenite could be seen in the FESEM images. This pointed to the 

stabilization of film-like austenite between the martensite laths. EBSD and image analysis 

confirmed the presence of fine division of interlath austenite. Volume fractions of only 0.6 and 0.8 

% of retained austenite could be measured for DQP 225 °C steels with EBSD (Figure 3). 

 

 

3.2 Wear testing 

 

Wear test results in respect of mass loss (g) are presented in Table 3. As expected, Steel A in DQ 

condition showed the best performance with the lowest average mass loss (0.231 g) during the wear 

testing obviously as a consequence of its highest hardness (635 HV10). Steel B in DQ condition 

was not far behind with only marginally lower mass loss (0.238 g) in comparison to Steel A. The 

lowest mass losses in DQ condition for these two steels can be corroborated to their relatively 



higher hardness values (Table 3) in comparison to those seen in direct quenched and partitioned 

(DQ&P) conditions. 

 

The highest average mass loss was measured for the DQ&P processed Steel B (0.276 g) with TQ = 

225 °C; the corresponding surface hardness (507 HV10) was the lowest of all the variants prior to 

testing. Generally, an increase in hardness invariably results in an improved wear resistance, unless 

the microstructural response to imposed wear conditions result in local changes in the 

microstructure, e.g. strain induced transformation of retained austenite to martensite. On the other 

hand, the wear test results of the commercial 500 HB steel were on par with Steel A 225 °C, despite 

having a relatively lower surface hardness (479 HV10).  

 

 
Table 3. Wear mass loss and surface roughness data (including standard deviations) for the experimental 

steels in DQ/ DQ&P conditions and the commercial 500 HB steel. 

Material TQ 
Surface 

[HV10] 
Mass loss [g] Ra [µm]  Rq [µm] Rz [µm] 

Steel A DQ RT 635±20 0.231±0.010 7.20±0.30 9.56±0.43 153.1±10.2 

Steel B DQ RT 616±15 0.238±0.002 7.21±0.17 9.62±0.26 143.8±6.55 

       

Steel A DQ&P 175 °C 535±15 0.263±0.015 9.39±0.71 12.48±0.96 171.8±10.9 

Steel B DQ&P 175 °C 565±15 0.253±0.001 9.08±1.22 11.85±1.80 156.0±14.8 

       

Steel A DQ&P 230 °C 524±15 0.268±0.001 8.29±0.28 10.79±0.39 159.2±15.1 

Steel B DQ&P 220 °C 507±16 0.276±0.009 8.90±0.40 11.69±0.64 164.0±10.4 

       

500 HB - 479±20 0.268±0.001 8.98±0.19 11.63±0.29 154.9±6.44 

 

The increasing initial surface hardness resulted in lower mass loss in impeller-tumbler wear tests 

regardless of other mechanical properties. This applied especially for the laboratory steels. The 

direct quenched variants exhibited the lowest mass loss, but also the highest initial surface hardness. 

The retained austenite in the DQ&P processed steels was expected to provide the desired 

improvement in work hardening ability of the steels and therefore, better wear resistance against 

abrasion and impact wear was anticipated. The hardening of the surface was thought to improve the 

surface behavior to withstand more cutting and ploughing. Apparently, it seems that the surface 

hardness prior to the wear testing is a fairly good indicator for the mass loss, even though a direct 

comparison may not be appropriate owing to the possibility of strain-induced transformation (and 

hence slightly increased apparent hardness) during indentation in the case of DQ&P samples. 

Figure 4 shows the correlation between the initial surface hardness and mass loss for the impeller-

tumbler tests. The results of the laboratory rolled steels are very consistent and follow the same 

trend for decreasing mass loss with increasing surface hardness. However, the commercial 500 HB 

wear resistant steel (479 HV10) does not seem to have a similar hardness-to-mass loss ratio, but it 

shows wear performance on par with those of the DQ&P steels with marginally higher hardness 

(507-535 HV10).  



 
Figure 4. Impeller-tumbler results: initial surface hardness vs mass loss. 

 

There were no substantial differences between the two laboratory steels in terms of wear 

performance when hardness is taken into account. The only slight variations in the chemical 

compositions resulted in very similar properties.  Strength, hardness and toughness were on the 

same level and wear resistance was strongly dependent on the surface hardness. The mechanical 

properties were nearly identical for the direct quenched variants of the steels, although the surface 

hardness was slightly better for Steel A. This obviously points to the minor differences in 

mechanical properties for DQ&P steels caused by the processing involving the interrupted 

quenching at TQ followed by partitioning treatment. Thus, it cannot be unambiguously stated 

whether the small adjustments in the chemical compositions affected the properties of the steel, as 

mentioned before. 

 

The mass loss was measured every 15 minutes during the testing, but all the materials appeared to 

have nearly linear mass loss after the initial running-in period (Figure 5). The only exception was 

the Steel B 225 °C with notably higher mass loss during the first period (0.316 g/h) compared to the 

remaining part of the test. However, after the first 15 minutes the wear rate for Steel B 225 °C was 

slightly lower (average 0.263 g/h) compared to that of the Steel A 225 °C (0.268 g/h). Both DQ 

variants also showed a small decrease in the wear rate after the first 15-min test period, but the 

difference was not as appreciable as in the case of Steel B 225 °C. In contrast, the commercial 500 

HB steel had the steadiest wear rate (0.268 g/h) during the testing with only minimal difference for 

the measured mass loss between every 15-min test round.  



 
Figure 5. Cumulative mass loss of the materials during the wear testing. 

 

 

 

 

 

 

 
Figure 6. Topographical 3D maps of the surface roughness measurements (Steel A DQ vs Steel B 225 °C). 

Analyzed areas are 720 x 500 µm. 

 

The surface roughness values, in general, were the lowest for the best performing samples, but 

interestingly the DQ&P 175 °C variants, irrespective of the steel type, have shown relatively higher 

surface roughness compared to those of the DQ&P 225 °C samples despite the former exhibiting 

better wear test results. Referring to Table 3, Ra is the arithmetic mean roughness, Rq is the root 

mean square height and Rz indicates the maximum absolute distance between the highest peak and 

the deepest valley in the measured area. The highest Rz value was measured for Steel A 175 °C. 

Also, the mean roughness (Ra) suggests that the steel variants with DQ&P 175 °C have sustained 

more damage during the testing, but the surface has either been plastically deformed or granite 

embedment has been substantial. Figure 6 shows typical examples of the topographical 3D maps, 

showing the least (Steel A DQ) and most worn (Steel B 225 °C) samples. Differences in the number 

of peaks and valleys on the surfaces can be noted in the colored maps. The topographical mapping 

does not, however, distinguish between the deformed steel and the embedded abrasives, but it 

shows that the surface of Steel B 225 °C has undergone more damage by the abrasive particles.  

 



3.3 Wear surfaces 

 

Laser scanning confocal micrographs were taken from the cross-sections of the worn samples and 

assembled into panorama images (Figures 7-9). The rounded edge is on the left side of the image 

for each sample and magnified image of the worn surface is also shown. The cross-sectional views 

are consistent with impacts during the wear testing causing plastic flow and severe surface 

deformation in the steels. The formation of a white layer and shear bands was apparent in all the 

samples suggesting the occurrence of both ploughing and cutting wear mechanisms. The abrasive 

particles were sharp in the beginning of the test resulting in more cutting, but the rounding and 

comminution of the particles with time caused more ploughing and formation of wedges. The 

material was ploughed aside and then later removed by the continuous abrasive particle impacts. 

This type of material removal mechanism while using an impeller-tumbler testing device has earlier 

been examined and discussed by Ratia et al. [32,33]. Granite may also attach to the surface and 

even penetrate into the material. 

 

In the impeller-tumbler testing, the most severe wear is concentrated on the edges of the samples 

and up to more than 90 % of the weight loss during the test can be attributed to edge wear [35]. The 

actual area of the sample subjected to wear in the current tests with the 60° sample holder angle was 

approximately 49 mm x 25 mm. The rounding of the edges is notable in all of the samples in 

Figures 7-9. The DQ steels show slightly less material removal on the edge, but the DQ&P samples 

come very close to each other in terms of edge wear. However, the higher magnification images 

from close to the surface reveal more details. The DQ samples have greater white layer coverage on 

the surface and less granite embedment. In contrast, more shear bands can be seen below the 

surface in the DQ&P samples. 



 
Figure 7. Laser scanning confocal micrograph of the worn surfaces (Steel A). 

 

The micrographs revealed that DQ&P 175 °C samples showed more distinct surface roughness. The 

higher Ra and Rq-values for the DQ&P 175 °C processed samples irrespective of the steel type are 

further supported by the cross-sectional examination of the wear test samples, where dents and 

craters could be clearly seen, besides greater surface cracking. It is rather intriguing that the mass 

loss was in line with the decreasing surface hardness, but the surface roughness was not. This could 

mean that there was a transition from a very hard surface (DQ) that prevented most of the abrasive 

particle embedment and inhibited abrasion, to a softer surface (DQ&P 225 °C) that deformed and 

work hardened. In addition, strong surface hardening might have created a brittle tribolayer that 

would crack up under impact loading. In contrast to these two situations, the DQ&P 175 °C samples 

already showed a high degree of plastic deformation and some surface layer cracking, but there was 

no evidence of delamination or surface cracking that would have led to a major increase in mass 

loss. It is unclear whether the surface of the DQ&P 225 °C samples had suffered delamination or 

the peeling off of surface layers. However, the smoother surface and high amount of granite 

embedment together with the highest mass loss suggest that parts of the surface have indeed been 

removed due to wear, as the inspection of the cross-sectional wear surfaces indicated. Even though 

the DQ&P 225 °C materials had better ductility and work hardening capability, this did not improve 

their wear resistance. It should be noted, however, that these findings apply only to the current 

steels subjected to the impeller-tumbler wear tests: we cannot generalize the behavior to all wear 

situations. 



 
Figure 8. Laser scanning confocal micrograph of the worn surfaces (Steel B). 

 

 
Figure 9. Laser scanning confocal micrograph of the worn surface (500 HB). 

 

 

 

 

 

 



As expected, abrasive embedment was more prominent for the steels with lower surface hardness 

(Figures 10 and 11). The penetration depth of embedded granite particles and deformed layer were 

generally deeper for the DQ&P steels, reaching 50-60 µm below surface. Therefore, the higher 

surface hardness of the DQ steels has inarguably reduced the amount of abrasive particle 

attachment. The higher penetration depth of the particles might have caused increased mass loss 

when the stresses on the surrounding material increased and hardened layers peeled off. In contrast, 

the higher work hardening capability of softer steels might reduce the mass loss caused by the 

particle embedment and subsequent surface cracking, if the work hardened layer could work as a 

new high-hardness surface and would not allow cracking or delamination.  

 

 

 
Figure 10. Light optical microscope images of embedded particles in steel surface (Steel A 225 °C and Steel 
B 225 °C). 
 

Back scatter electron (BSE) imaging also confirmed more granite particle embedment for the steels 

with lower initial surface hardness. Figure 11 shows the areas embedded with granite. Three images 

per sample were taken at 1 mm distance from the rounded edge. Image analysis was then conducted 

to calculate the areas covered with granite. Direct quenched samples exhibited granite covered area 

of 42.6 % (DQ A) and 40.6 % (DQ B), respectively. The DQ&P 175 °C samples had both 

approximately 49 % granite coverage, whereas for the DQ&P 225 °C the coverage was 55.6 % (A) 

and 54.1 % (B). The most significant coverage was measured for the 500 HB steel with 59.4 %. 

Thus, the granite embedment increased with decreasing initial surface hardness.   



 
Figure 11. BSE images of the worn surfaces.  

 

 

 

 

 
An example of the deformed microstructure and bent laths is shown in Figure 12. The substructure 

of the martensitic grains was highly orientated near the cavities and dents caused by the granite 



particle impacts and abrasion. The orientation of the laths is also prominent in fatigue wear, which 

indicates that surface fatigue has occurred due to the repetitive impacts. Plastic strain on the surface 

is clearly notably high. Shear bands and white layer consisted of very fine microstructural 

constituents with martensitic substructure diminished. The hardness of the white layer and shear 

bands might be well above the bulk hardness of the steel, which in turn might cause delamination of 

the hardened surface layer and pathways for crack propagation beneath the surface. However, it is 

difficult to interpret whether surface layer has been removed by delamination. The repeated impacts 

by large granite particles induce plastic deformation and the surface was changing constantly 

throughout the wear testing. 

 

 
Figure 12. FESEM image of deformed surface with highly orientated and elongated laths (Steel B 225 °C). 

 

The 500 HB steel with the lowest initial surface hardness displayed the most significant amount of 

granite particles embedded into the surface. Plastic flow near the surface reached greater depths and 

orientated laths were discovered deeper below the surface compared to that seen in other samples. 

Despite the high number of particles embedded and highly deformed surface layer, the commercial 

steel appeared to have performed well in respect of wear characteristics. This might be explained by 

smoother transition of the surface layer to the bulk. The explanation could be work hardening that 

affects deeper into the subsurface of the steel, but does not produce large hardness gradients, i.e. the 

hardness increase is somewhat smoother. Similar behavior has been noted by Ojala et al. [7]. 

 

XRD measurements were also done after the wear testing to identify whether retained austenite had 

transformed into martensite. Although an indication of the austenite 200 peak was detected in some 

cases (Figure 13), the retained austenite content was too low for a reliable fitting by the Rietveld 

WPPF method. Generally, a typical reliable detection limit for modern XRD equipment is 

considered to be 0.5 % [36]. This suggests that a TRIP effect has taken place and the retained 

austenite has transformed into martensite despite the relatively low kinetic energy of the granite 

particles (<80 mJ). As for the commercial 500 HB steel, the amount of retained austenite was 

already below the detection limit prior to wear testing.  

 



 
Figure 13. Close-up of the diffraction patterns of unworn (left) and worn (right) samples for Steel B DQ&P 

225 °C. The wear of the specimen has also increased the stresses in the surface of the steel. This, in turn, has 

caused the shifting of the austenite (200) diffraction peak.  
 

The somewhat lower wear resistance of the DQ&P steels might be because the TRIP effect in a 

fraction of the retained austenite is actually counter-productive. The strain-induced transformation 

of austenite to martensite could be detrimental if the matrix cannot accommodate the transformation 

stresses. The interface between the martensite matrix and newly transformed untempered martensite 

could provide a pathway for subsurface cracks. De Knijf et al. [18] have suggested this possibility 

in their work with Q&P steels. This would, at least partially, explain the higher mass loss in DQ&P 

steels and possible delamination of the worn surfaces. 

 

In a previous study [37] it was also conducted that the initial surface hardness was the main 

controlling factor of mass loss during impeller-tumbler wear testing. The correlation between 

hardness and wear resistance was strong, as it was in the current tests as well.   

 

Despite the fact that no improvement on the wear characteristics could be measured for the DQ&P 

steels in impeller-tumbler tests, they did show promising results in terms of mechanical properties. 

Impact toughness and elongation values were improved over the DQ steels. Therefore, more testing 

will be conducted for the novel DQ&P steels and the processing route will be adjusted for future 

considerations.  

 

 

4. Conclusions 

 

In this paper, he novel direct quenching and partitioning (DQ&P) processing was implemented to 

produce new martensitic steels with different levels of retained austenite. Two steel compositions 

had been prepared for the study. The DQ&P processing involved thermomechanical processing and 

subsequent interrupted water quenching at either 175 °C or 225 °C, followed by slow cooling to 

room temperature simulating industrial hot strip mill coiling. Direct quenched (DQ) variants were 

also produced for comparison of the mechanical properties and wear performance. DQ variants 

were water quenched directly to room temperature after hot rolling to achieve maximum hardness. 

Commercial 500 HB wear resistant steel was also included in the wear testing as a reference 

material.  The main conclusions: 

 

(1) The DQ&P processing produced the desired martensitic microstructure with retained austenite. 

Austenite was presumed to be in the form thin films between the martensite laths as EBSD 

examination only revealed 0.6 – 0.8 % of austenite pools in the microstructure, whereas XRD 

measurements showed that the total retained austenite content was even as high as 10 %. The 

microstructures revealed traces of autotempering in the form of carbide precipitation, which was 

more prevalent for the variant with the higher partitioning temperature.  

 



(2) High strengths and ductilities were achieved with DQ&P processing. The DQ&P 225 °C 

treatment provided greater than 1600 MPa tensile strength with low yield-to-tensile ratio (0.58) and 

reasonable elongation to fracture while retaining a surface hardness above 500 HV10.  

 

(3) Impeller-tumbler impact-abrasive wear testing showed that the wear performance was mostly 

dependent on the initial surface hardness of the wear test samples irrespective of the microstructural 

details. The direct quenched steels showed the lowest mass loss in the testing due to the highest 

surface hardness. The presence of retained austenite did not seem to improve the wear resistance of 

the DQ&P steels. 
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