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Abstract

Prior austenite grain size has a marked effect on the hardenability, strength, and impact toughness
properties of steels. This study was conducted in order to understand the effect of prior austenite grain
size and morphology on the mechanical properties and abrasive wear performance of an ultra-high
strength steel. A commercial quenched 500 HB grade wear-resistant steel was selected for the study:
the steel was austenitized at two different temperatures and compared to the original, as-received
quenched condition. The resulting mean prior austenite grain size was ranging from 14 um to 34 pm.
The decrease in grain size improved the low-temperature impact toughness properties. A high stress
abrasive wear testing method with natural granite abrasives was utilized for the evaluation of abrasive
wear resistance. The results suggest that decreasing the prior austenite grain size improves the
abrasive wear resistance with similar hardness level martensitic steels. In addition, high-resolution
electron backscatter diffraction measurements revealed formation of ultra-fine grain structures in the
severely deformed regions of the wear surfaces.

1. Introduction

Steels are commonly used as wear-resistant materials in different applications across various
industrial sectors. Often steels are the most cost-efficient material solution for wear-resistant purposes
due to the desirable mechanical properties and the ease and scale of production. In abrasive
environments, the quenched and tempered martensitic steels are perhaps the most commonly utilized
steel grades. Martensite phase shows high hardness and strength, which both can be adjusted by
alloying and different heat treatments [1]. Modern steelmaking and thermomechanical controlled
processing have enabled the production of ultra-high hardness steels with leaner alloying and lower
energy consumption [2]. Novel processing routes, such as direct-quenching and direct-quenching and
partitioning, can be used to fabricate high-hardness steels without the need for subsequent heat
treatments [3—6]. These methods are also applied in the production of wear-resistant steels.

Prior austenite grain size (PAGS) has a well-known effect on the strength and impact toughness of
martensitic steels. The famous Hall-Petch equation [7,8] has been one of the most profound
discoveries in understanding the mechanical properties of steels. Decreasing the prior austenite grain
size results in finer sub-structure in martensitic steels, which leads to increased strength, and also
improves the impact toughness, especially in low temperature range [9,10]. Nowadays the
thermomechanical controlled processing and hot rolling below non-crystallization regime are used



for refining the grain structure to improve strength and impact toughness [4,11]. The alteration of the
grain structure and morphology is often considered essential for achieving ultra-high strength
properties for medium-carbon steels. Apart from increasing the yield strength and improving the
toughness properties, the prior austenite grain size may also affect the work-hardening capability of
steels due to the changes in dislocation density; decreasing the prior austenite grain size has been seen
to increase the dislocation density of martensitic steels [12]. However, most studies involving
austenitization and different PAGS give no comparison to deformed, elongated structures with
different austenite morphology from the equiaxed grain structure.

Wear-resistant steels have been studied intensively to understand the relationship between the
microstructure, mechanical properties and wear resistance [6,13—16]. Hardness has long been
considered the general property that determines the wear resistance of steels, especially when testing
steels with similar microstructure and different hardness levels, e.g. martensitic steels with different
carbon content [17]. However, different microstructures have been shown to exhibit distinct wear
behavior [18,19], and also martensitic steels with similar hardness level have been found to exhibit
differences in terms abrasive wear resistance [14,20]. Also, fracture toughness has been shown to
have a significant effect the wear resistance of steels [21,22]. Moreover, the work-hardening
capability of martensitic steels, when subjected to heavy abrasive or impact-abrasive wear, has been
one of the major subjects of some recent studies. Research work by Haiko, Valtonen and Ojala et. al.
[6,14,20] have suggested that work-hardening capability is an essential feature determining the wear
performance of steels when testing in high-stress abrasive conditions. In an review by Chintha [23],
it was pointed out that very limited amount of studies has been published on understanding the effect
of work-hardening on the abrasive or impact-abrasive wear resistance of martensitic steels. Also, the
effect of prior austenite grain size or morphology on the work-hardening of steels during abrasion or
impact wear is of little knowledge. Therefore, the current study has been conducted in order to
understand the effect of prior austenite grain size on the abrasive wear resistance of martensitic steels.

2. Materials and methods

The commercial 500 HB wear-resistant steel was received as heavy sheet plate (abbreviated C27) and
was cut to smaller plates (300 mm x 250 mm x 6 mm) suitable for heat treatment in laboratory furnace.
The nominal chemical composition of the investigated steel is presented in Table 1. Two different
austenitization temperatures (860 and 960 °C) were used for altering the prior austenite grain size.
Holding time for the austenitization was 25 min. After heat treatment, the test plates were quenched
in water with high cooling rate (>80 °C). In addition to the reheated and quenched steel variants, C27
steel in the as-received quenched state was included. Therefore, total of three material variants were
tested. The materials were named C27-DQ for the C27 in the as-received condition, C27-860 and
C27-960 indicating the subsequent heat treatment temperatures, respectively.

Table 1
Chemical composition of the tested steel showing the nominal maximum content, from product
brochure (wt.%, balance Fe).
Material C Si Mn Cr Mo Ni B
C27 0.27 0.50 1.60 1.20 0.25 0.25 0.005

Mechanical testing included tensile tests, Charpy-V notch test for impact toughness properties, and
hardness testing for bulk material and wear surface. Three specimens were tested per material for
tensile strength. The samples were cut transverse to the rolling direction with reduced sample section
dimensions of 6 mm x 20 mm x 120 mm. The tensile testing was done with MTS-810 universal



servohydraulic testing machine. Charpy-V impact toughness measurements (ISO 148-1) were made
for three samples per material and the testing was conducted at -40 °C with sample dimensions of 6
mm x 10 x 55 mm. Hardness was measured through the thickness of the samples with minimum of
10 indentations using Vickers HV10 method. CSM Instruments MHT-Z-AE microhardness tester
was used for measuring the hardness of the wear surfaces. Indentations were made with 0.25 N force
and three series of five indentations were made on different locations on the wear sample surfaces.

Wear tests were performed in Tampere Wear Center (TWC) at Tampere University, Finland. An in-
house, pin-mill type tester was utilized for the wear testing (Fig. 1). Referred as the dry-pot tester, the
device has been used extensively for testing the abrasive wear resistance of steels and can be used
with both dry abrasive bed [20,24,25], like in this study, and with slurry [16,26]. The tester has two
main parts: the rotating shaft with sample holders and a steel pot, in which the abrasive media is
placed. The samples travel through the gravel bed when the shaft is rotated. The rotation speed was
set at 250 rpm producing 2.5 m/s speed when measured from the tip of the samples. The testing time
was 240 min consisting of four 60 min periods during which four samples were tested simultaneously.
One of the samples was a 400 HB reference material for monitoring the test and the three other
samples were the three variants of the C27 steel. Two rounds of complete 240 min tests were done,
i.e. two samples per each material variant were tested. The typical standard deviation of the method
is less than 4 % [15]. Natural granite sieved to 810 mm size distribution from Kuru quarry, Finland,
was selected as the abrasive media and the 9000 g batch of granite was replenished for every 60 min
period for fresh, sharp abrasives. Moreover, for every test period, 1350 g of 100-600 pm quartzite
was placed below the granite bed to prevent the flow of larger abrasives under the rotating shaft. The
sample position was changed for every period to have similar wear conditions for all samples. The
order of the sample positions was reversed for the second round of testing. The sample dimensions
were 64 x 40 x 6 mm and the samples were set at +45° angle to the normal.
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Fig. 1. a) Schematic illustration of the high-stress abrasive tester (dry-pot) and b) image of the tester
with four samples fitted at + 45° angle.

Optical, laser scanning confocal (Keyence VK-X200) and field-emission scanning electron
microscopes (FESEM, Zeiss Sigma,) were utilized for the characterization of the microstructures and
the wear surfaces. The cross-sectional (Fig. 2, section c¢) samples were prepared by polishing and
etching with 2 % Nital prior to microscopy. Tapered samples were prepared at an angle of 10° to
horizontal for inspection of the worn surfaces from above in addition to the cross-sectional views.
Similar sample preparation method has been used earlier by Valtonen et al. [20].



Fig. 2. Dry-pot sample after wear testing marked with locations for the respective measurements (not
in true scale): a) surface roughness, b) BSE imaging area (three images), and ¢) cross-sectional sample
cutting direction (dashed line) and inspection direction (arrow). Abrasive flow during testing also
shown.

Prior austenite grain sizes were measured from laser scanning micrographs with a calculation tool
introduced by Seppéld et al. [27] from planar sections taken from rolling-to-normal (RD-ND)
direction at quarter thickness of the plates. The samples for PAGS were etched in a saturated aqueous
solution of picric acid along with a few drops (3-4 drops) hydrochloric acid. Five images per sample
were examined for the PAGS calculations that included minimum of 400 grain boundary intercepts.
In order to have more information concerning the prior austenite structure, on the basis of orientation
relations between the parent austenite and the final microstructure (as the product of quenching), a
reconstruction technique was applied to the electron backscatter diffraction (EBSD, Zeiss Sigma)
data using Matlab supplemented with the MTEX toolbox [28-30]. The worn and heavily deformed
samples were coated with nickel to improve the measurement quality of the EBSD mapping. The
polishing method for the EBSD samples was adopted from the work of Stechow et al. [31]. Different
magnifications and step sizes were used for the imaging and analysis.

The laser scanning confocal microscope was also used for the surface profile roughness
measurements (R,, arithmetic mean roughness and Rg, root mean square height) based on the ISO
4287-1997 standard. Values were measured on an area of 3.4 mm x 2.3 mm located 10 mm from the
edges of the samples (Fig. 2, section a) and three measurements were done for each sample. The
granite surface coverage was calculated from the backscatter electron (BSE) images (Fig. 2, section
b) with the help open-source Fiji image processing package based on ImagelJ analysis software, and
three images per sample were analyzed. Rikagu SmartLab 9 kW X-ray diffractometer (XRD) with
cobalt K, radiation anode was used for detecting any retained austenite. The results of XRD
measurements were analyzed with PDXL2 software with the Rietveld’s whole powder fitting method.
Samples for the XRD analysis were cut from the as-received and heat-treated test plates, ground to
quarter thickness from the surface of the samples prior to polishing with colloidal silica suspension.



3. Results
3.1. Microstructures of the studied steels

The steel microstructures were fully martensitic with some effects of autotempering visible. FESEM
images of the tested steels are given in Fig. 3. Images were obtained at the quarter depth of the
samples. The steels showed some precipitates, which indicates that autotempering had taken place
during the quenching. These white precipitates were presumably transition carbides formed during
the quenching process when autotempering occurred [1]. The martensite start temperature (M) was
estimated to be around 360380 °C (Andrews linear and product [32]), which would have meant
some time for the autotempering to take place even with high cooling rates. The C27-DQ in the
received condition showed slightly more contrast between the dark, untempered martensite and the
precipitate rich areas, which indicated that possibly some low-temperature tempering could have been
applied. Retained austenite content was measured with the XRD and the results revealed that the C27-
DQ and C27-960 had less than 1.0 % austenite retained in the matrix, whereas the C27-860 had 2.5
% austenite still present.
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Fig. 3. Typical microstructures of the studied steels.

3.2. Prior austenite grain size and morphology

The prior austenite grain sizes measured from planar sections taken in rolling-to-normal (RD-ND)
direction are presented in Table 2, and laser scanning confocal images of the picric acid etched
samples are shown in Figs. 4a-c along with grain size distribution. The C27 steel showed
distinguishably different prior austenite grain size for all three variants. The largest PAGS was
measured for the sample austenitized at 960 °C. The two other C27 variants showed almost similar



mean linear intercept (MLI), but the grain morphology and aspect ratio were different. The C27-DQ
had elongated, “pancaked” grain structure that had been presumably been produced by hot-rolling
below non-recrystallization temperature region, i.e. thermomechanical controlled processing had
been applied. In contrast, the C27-860 showed more equiaxed grain structure due to the
austenitization. It should be noted that both of the reheated variants of the C27 had similar, elongated
grain structure (Fig. 4a) prior to the austenitization as the C27-DQ in the as-received condition had.

Table 2
Prior austenite grain sizes of the tested steels: L1 for the rolling direction (RD), L, for the normal
direction (ND) and mean linear intercept (MLI) with standard deviations and calculated aspect ratio.

Material Li (RD) [um] L (ND) [um] Aspect ratio MLI [pm]
C27-DQ 21.5+9.8 92+29 2.33 13.7+8.6
C27-860 14.9+6.2 13.9+5.7 1.07 14.5+6.0
C27-960 35.0+£16.0 33.3+13.8 1.05 343+15.1

The grain size distribution is also shown in Fig. 4. The mean linear intercept gives an estimation of
the average grain size, but the distribution is more relevant for analyzing the grain structure. For the
C27-DQ, most of the grains in the rolling direction (RD) were longer than 20 um and some grains
were measured larger than 35 um in length. However, there were basically no grains larger than 20
um in the normal direction (ND) while most of the grains were in the 5-10 um size range. Therefore,
the MLI set to around 15 pm due to the elongated structure. The C27-860 had grain size more evenly
distributed and most grains were in the size range of 10-15 pm with nearly equiaxed grains. The
aspect ratio was close to 1 also for the C27-960, but the grain size distribution was more heterogenous
compared to C27-860. Some large grains were visible, and there was almost the same amount of
grains in the size range of 20 to 25 um as there were grains larger than 45 um.
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Fig. 4. Prior austenite grain structure revealed by picric acid etching (left) and grain size distribution
for both directions (RD, ND) and mean linear intercept (MLI) (right).

EBSD was also carried out for the further inspection on the prior austenite grain size. A Matlab code
with the help of MTEX toolbox, originally developed by Nyyssonen [33] and later modified by
Javaheri [29], was employed for the recreation of the grain boundary images from the EBSD data of
the final microstructure. Although only one measurement was performed for each sample, the results
were in quite good agreement with the picric acid etching results (see Table 2). Fig. 5 shows the
reconstructed parent austenite structures that revealed a drastic difference for the PAGS of the
samples, indicating a randomly orientated grain structures in all specimen. The details for the grain
size distribution (on the basis of calculated equivalent circle diameter for each grain) show slightly
finer grain size distribution for the C27-860 compared to the C27-DQ. The C27-960 shows very
coarse grain structure, such that the maximum grain size was nearly two times larger than the largest



grain in the two other samples. In addition to the grain structure, the EBSD data including the image
quality (IQ) mapping showed the sub-structure of the martensitic steels.
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Flg 5 Reconstructed grain boundary images from the EBSD data (IQ-map on the left, and
reconstructed grains on the right): a) C27-DQ, b) C27-860, and c¢) C27-960; RD-ND direction. The
grain size distribution for the samples are also given.

The distribution of calculated equivalent circle diameter (ECD) of the martensite blocks size of the
for all three samples are presented in Fig. 5. Coarse prior austenite grain structure produced coarser
final microstructure, as expected. The sample C27-860, which had the finest prior austenite grain
size, showed also the finest sub-structure such that the martensite blocks were almost distributed
normally with an average of 4 um block size. It should be also remarked that all samples showed a
random-oriented grain structure, and there was no specific intense orientation population in the
inverse pole figure maps. Hence, it can be assumed that the probable effect of texture had no account
on the wear resistance of the examined samples.

3.3. Mechanical properties

Table 3 shows the mechanical properties of the tested steels, including 0.2% offset yield strength
(Rpo.2), ultimate tensile strength (Rm), percentage elongation after fracture (A), bulk Vickers hardness
(HV10), and impact toughness tested at -40 °C. The impact toughness test results were converted
directly proportional from measured joules to J/cm?. In general, the commercial C27 steel showed
high strength combined with relatively good impact toughness values at -40 °C. Altering the grain



structure and the prior austenite grain size had the most significant effect on the impact toughness
measured with the Charpy-V tests. The C27-860 had the highest impact toughness energies among
the tested samples. When comparing the two C27 steels with the equiaxed grain structure, the increase
of PAGS from around 14 pm to 34 um resulted in half the impact energy when tested at -40 °C. Thus,
the significance of the grain size for the impact toughness was substantial for the C27 steels.

Table 3
Mechanical properties of the tested steels and retained austenite (RA) content.
Hardness HV10  Charpy-V (-40 RA

Material Rpo2 [MPa] R, [MPa] A [%]

[kegf/mm?] °C) [J/em?] [%]
C27-DQ 127925 1624 + 31 8.8+ 0.4 469 + 8 65+3 <1.0
C27-860 1211 £ 16 1577+ 15 11.9+0.3 475+ 8 100 + 3 2.5
C27-960 1117+ 10 1510+ 11 115404 455+ 10 48 +3 <1.0

The yield and tensile strength were decreased by the reaustenitization, while the elongation improved.
The C27-960 with the largest PAGS had more than 100 MPa lower strength compared to the C27-
DQ. The yield-to-tensile strength ratio also decreased slightly for the heat-treated steels. However,
hardness was the highest for the C27-860, though only by a small margin, and the differences in the
hardness values were quite small. Therefore, the effect of the initial hardness between the steels would
be minimized regarding the wear test results. The differences in strength and toughness values
between the steels were in a quite good agreement with literature [9,10], when taking in account the
change in grain size: strength and toughness decreased with the increasing PAGS.

3.4. Wear test results
3.4.1. Mass loss, surface roughness, and granite coverage

The results for the dry-pot wear testing are given in Fig. 6, which also includes surface roughness
measurement results and granite covered area in percent. The lowest mass loss (1.626 + 0.005 g) was
measured for the variant austenitized at 860 °C, which also had the highest initial hardness among
the C27 steels. However, the differences in the bulk hardness of the steels did not solely explain the
wear results: the C27-960 showed lower mass loss (1.709 + 0.039 g) compared to the C27-DQ (1.836
+ 0.001 g) despite lower initial hardness. Moreover, the hardness difference between C27-DQ and
C27-860 was almost within limits of error, but the wear test results had greater difference between
the two steels than deviation could explain.

The surface roughness values (R. and Rq) were measured with the laser scanning confocal
microscope. The results were in line with the mass loss with all the tested steels: the higher the mass
loss, the higher the surface roughness (see Fig. 6). Generally, some larger pits and craters could be
seen with the C27-DQ, while the C27-860 and C27-960 showed more scratches than pits or craters.
The C27-DQ with the highest mass loss had slightly higher granite coverage, but the differences
between the steels were small. Figure 6 shows examples of 3D-topography maps (surface roughness)
and granite coverage (BSE images) along with R, and Ry and mass loss.
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Fig. 6. Left: Mass loss (ML) with standard deviation included, surface roﬁghness alue and Rq,
granite area coverage, and 3D-topography maps (cropped to 2 mm x 1.5 mm area); a) C27-DQ, b)
C27-860, and c¢) C27-960. Right: BSE images of the worn surfaces of the given samples.

3.4.2. Cross-sections of the wear surfaces

The samples were cut for the cross-sectional study of the wear surfaces (Fig. 7a-c). The images were
taken approximately 5 mm from the rounded tip of the sample with laser scanning confocal
microscope (see Fig. 2, section ¢). The depth of the visibly deformed surface was less than 20 um for
all the tested steels. The sub-surface deformation was more in the form of highly deformed and
orientated microstructure and only few shear bands were detected. White etching layer had formed
in all of the samples, but the layers were mostly concentrated on the edges of the samples, where the
most severe wear is present during the testing. The embedment of the granite particles was substantial
as seen earlier in the BSE images. Parts of the samples showed tribolayer formation, i.e. mixture of
steel and granite. The images only show the two-dimensional aspect of the surface, and therefore it
should be borne in mind that the granite particle embedment and penetration beneath the surface may
cover larger areas than actually visible in the images.
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Fig. 7. Laser scanning - confocal panorama 1mage\s of the cross -sections of the wear surfaces a) C27-
DQ, b) C27-860, and c¢) C27-960. Abrasive flow direction from left to right.

Further inspection with FESEM imaging was conducted for more in-depth analysis of the worn
samples (Figs. 8a-c). The orientation of the laths had turned into the direction of the granite particle
flow, which is typical for martensitic steels in dry-pot testing [20]. The fibered and orientated laths
are the result of heavy deformation and the direction of the abrasive flow can be seen (left to right).
The wear test samples had experienced a large degree of plastic deformation and extensive tribolayer
formation had occurred; the tribolayer being visible better in the FESEM images compared to the
laser scanning images. The penetration of hard granite particles had caused the surface to deform
considerably creating a mixture of steel and granite on the surface that was especially thick in C27-
DQ (Fig. 8a). Considering the material removal and mass loss during the testing, this tribolayer was
then eventually removed by the continues ploughing by the abrasives. Microcutting and
microploughing had taken place, but the general view of the surface suggested that the steels did not
appear to have behaved in a brittle manner, i.e. extensive surface fracture did not occur. As a summary
of the wear process, the constant flow of the abrasive granite particles inflicted damage on the surface
by the aforementioned mechanisms of microploughing and further microcutting, and finally caused
the material to be removed.
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Fig. 8. FESEM closc-up images of wear surfaces a) C27-DQ, b) C27-860, and ¢) C27-960.

3.4.3. Tapered surfaces and microhardness measurements

Fig. 9 shows the tapered sections with the granite-steel interface: in the images the grey area is the
surface of the sample and the lighter area is the steel sample. The abrasive flow was from top to
bottom in the images. Some white etching layer can be seen extending from the surface to a depth of
few microns. Differences between the steels were quite small, but the general observation was that
the granite particle penetration was slightly deeper for the C27-DQ and C27-960 compared to the
C27-860. The inspection of the wear surface from above shows how the granite particles have
attached to the surface and created pit-like pools beneath the surface surrounded by heavily deformed
microstructure. The combination of the 2D-images from two directions (from the side Figs. 7 and 8,
and above Fig. 9) gives some insight on the abrasive particle penetration and microstructure
deformation. As a result, it can be presumed that the granite-steel tribolayer creates a complex
interface that acts as pathway for cracks. The properties of this layer have significant effect on the



wear resistance. However, it is still somewhat difficult to interpret whether the tribolayer could act
as protective layer or decrease material removal rate.
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Fig. 9. Laser-optica iaes of the worn surface of the tapered sampls.

The tapered sections were also used for microhardness testing to evaluate the work-hardening of the
steels. The indentations were made as close as possible to the wear surface near the interface between
the steel and the granite layer. The deviation was high for the hardness measurements due to the
extreme local deformation of the steels and due to the low load used in the measurements (0.25 N).
The average microhardness values of the deformed surface were 589 + 22 HV (C27-DQ), 793 + 63
HV (C27-860), and 602 + 38 HV (C27-960), respectively. The microindentations revealed that the
hardness had increased drastically; an indication of strong work hardening presumably caused by the
extreme grain refinement on the wear surface. The work-hardened layer of the C27-860 reached over
300 HV increase over the initial bulk hardness, which was the highest for the tested steels. The other
two C27 steels also showed increased hardness for the deformed layer, but that was not as substantial
as with the C27-860. Fig. 10 shows the correlation between the hardness of the deformed surface and
mass loss.
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Fig. 10. Mass loss and deformed hardness.

3.4.4. EBSD analysis

The EBSD analysis was employed for further investigation of the wear surfaces. As an example of
the results, the image quality along with the inverse pole figure map for two different magnifications
for the sample C27-960 are presented in Fig. 11. Several attempts have been made to either do or
improve the EBSD measurements of highly deformed surfaces and microstructures [31,34-37].
Hence, the quality of the obtained data is improving. Here, in this work, it was possible to capture the
EBSD data with a high confidence index from even the ultra-fine structure of the wear surfaces due
to some considerations as using nickel coating for the examined samples, special sample preparation
method with small amount of load but for longer time, and with very accurate focusing during the
measurements.

The damaged zone visible in the EBSD images consisted of two distinguished regions: 1) a narrow
severely deformed layer near the tribological layer, which was darker in the 1Q image than for the
rest of the microstructure, probably due to higher dislocation density at this region, and then slightly
further ii) highly deformed layer which appeared almost as light as the undeformed layer. Fig. 12
shows the image quality of the damaged zone for all the specimens along with the schematic
infographic illustrations consisting of different layers of each micrograph image. The schematic
graphs have been drawn manually on the basis of the different contrast as well as different grain shape
and size in the image quality. It can be seen that in the sample C27-DQ, the depth of the layers which
have plastically deformed i.e. both severely and highly deformed layers are smaller than for the
samples which had the equiaxed grain structure (C27-860 and 960). This could be an indication of
the lower work hardening capability of the elongated structure compared to the equiaxed structure.
However, the EBSD measurements have been obtained from a small area of each sample, and the
results could be different for the other regions of the samples. Nevertheless, the sample C27-860
showed the highest depth for the severely and highly deformed layers, though this was not clearly
seen in the cross-sectional FESEM images by visual inspection. It is worth mentioning that this
sample also had the finest prior austenite grain size and subsequently the highest impact toughness
values.
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surface regions with different degrees of deformation.

The EBSD measurements were carried out further with different magnifications for observing the
microstructure of the wear surfaces of the samples. The microstructure in the surface layer had
transformed into very fine, even to nanoscale cell-like structure. As an example, the results for the
C27-DQ sample are given in Fig. 13. The higher magnification revealed that the earlier shown
severely deformed layer (see Fig. 12) shows very fine equiaxed grains, whereas the highly deformed
layer has deformed and elongated grain structure. The extreme grain refinement indicates that the
closest region to the surface, with depth of only 1 or 2 um, has exhibited formation of new grains.
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Fig. 13. High resolution images of the cross-section of the wear surface of the C27-DQ sample: a)
grain distribution map of a selected area (Fig.13b), b) selected area on the with an almost nanosized

grain structure (inverse pole figure), c-f), image quality (c and e), and inverse pole figure map (e and
f) at two different magnifications.



4. Discussion

The reaustenitization of a commercial wear-resistant steel, abbreviated C27, resulted in different prior
austenite grain sizes, which was expected to influence the abrasive wear resistance of the steels. The
subsequent heat treatments of the C27-DQ steel at temperatures of 860 and 960 °C resulted in two
steel variants with significantly different prior austenite grain sizes. The temperature increase of 100
°C during the reaustenitization caused the mean linear intercept to increase from 14 um (C27-860) to
34 um (C27-960). The grain structure produced with the reaustenitization was much more equiaxed
in comparison to the as-received steel. The highly elongated grain structure of the C27-DQ steel
(aspect ratio above 2) and the nearly equiaxed C27-860 with almost the same mean linear intercept
showed different wear performance in the dry-pot testing. As the initial bulk hardness was very close
to each other, the differences in the grain structure and morphology can be considered a possible
explanation for the wear test results. The C27-860 had very high hardness after the testing, i.e. greater
work-hardening had occurred. Therefore, the results from the dry-pot testing suggest that the hardness
of the deformed wear surface, not the initial hardness, correlates better with the abrasive wear
resistance of the given steel. However, the mechanisms of the improved word-hardening may now be
attributed to the change in the grain size and morphology, as the steels had the same composition and
initial hardness. The as-received C27-DQ had slightly higher strength than the two other variants, but
it had lower impact toughness compared with the C27-860. However, the C27-960 had the lowest
Charpy-V impact energies of the C27 steels and therefore the impact toughness cannot solely explain
the results, as also seen earlier with some high-hardness steels [38]. Even though the smaller PAGS
has been proposed as one of the plausible reasons for wear-resistant steels having less work-hardening
capability during abrasive testing [20] the mentioned work was carried out for commercial steels with
similar hardness but different composition. Hence, the steel composition and some alloying elements,
such as nickel and molybdenum, could also have significant role in the work-hardening of the steel
surface when subjected to abrasion [14,20]. Also, elongation values improved slightly by the
reaustenitization, which might improve work-hardening capability. In the current study, the steel
samples were initially cut from the same heavy sheet minimizing the differences in alloying element
content, though local fluctuations in the composition are always possible.

The texture and grain structure of the surface might be another explanation for the higher mass loss
of the as-received C27. The images for the grain size calculations were taken from quarter depth of
the thickness of the steel samples to avoid any possible abnormalities caused by surface
decarburization (surface) or segregation (middle of the sample). Hence, the surface of the C27-DQ
might have had different properties for both the texture and grain structure in comparison to the C27-
860 and C27-960. The austenitization conducted for the other two C27 steel variants could have also
caused different surface hardness and further altered the initial properties of the steel surface.
However, the samples were prepared in similar manner by removing the surface layer by grinding
and polishing. Also, the majority of the mass loss during the testing is caused by the rounding of the
samples, i.e. the material removal is concentrated on the edges of the sample [20]. Moreover, the
initial surface of the samples is altered and removed very rapidly in the beginning of the test.
Therefore, it can be assumed that the properties of the bulk material, rather than the initial properties
of the surface, determine the material removal rate in the long-lasting wear tests. The EBSD
measurements of the samples also confirmed the random-oriented grain structure with no observable
texture.

The FESEM imaging showed the strong plastic deformation of the wear surfaces, but more thorough
information was extracted with the use EBSD measurements. The cell-like, almost nanoscale
structure visible in the FESEM was confirmed to be ultra-fine grain structure by the high quality
EBSD mapping. At certain point very near to the surface, the microstructure did not show deformed,



elongated structure, but rather newly formed grains. The size of the grains appeared to decrease closer
to the surface, and grains with diameter of 20 nm tol um were discovered near the surface. A plausible
explanation for the fine grain structure is the strain-induced transformation occurring during the high-
stress abrasion. The structure of the surface layer showed similarities to deformed shear bands with
some ultra-fine grains [36]. It has been reported that the formation of new grains due to the severe
plastic deformation is different from the phenomenon that normally takes place during hot
deformation, i.e. conventional dynamic recrystallization on the basis of nucleation and long-range
migration of grain boundaries. As Sakai et al. [39] proposed, the mechanism of such a fine grain
structure during severe plastic deformation, is combination of original grains’ fragmentation along
with transformation of deformation bands into high-angle boundaries due to increase in the number
of misorientations between shear bands under repeated severe impingements. It is unclear whether
this type of plastic deformation occurs during the abrasive high-stress wear, but the current EBSD
results suggest some type of similar grain formation.

The EBSD results also showed some differences between the steels, though only one section of each
steel was examined. The conducted EBSD analysis suggested that the grain structure possibly affects
the work-hardening behavior, and furthermore results in the formation of layers with different degree
of plastic deformation. In other words, the depth of the total deformation is not the only factor
regarding the work-hardening, but also the severity of the plastic deformation at different depths
beneath the wear surface. The deformed layer discovered in the EBSD measurements was divided
into two layers, severely and highly deformed regions (Fig. 12), but the higher magnifications
revealed that the deformed layer could be divided even further into separate regions (Fig. 13). Now,
the emphasis should be on examining and understanding how these layers affect the work-hardening
and wear resistance of steels. The deformed layer beneath the wear surface has been discussed in
earlier studies. Ojala et al. [14] noted that the transition from the severely deformed layer to the bulk
material should be smooth to prevent sharp gradients of hardened surface layer and unworn material.
Lindroos et al. [40] emphasized the importance of work-hardening in improving the abrasive wear
resistance, but the authors also claimed that the surface-bulk interface could act as pathway for crack
propagation, especially under repeated loadings. The extreme hardness of the wear surface might not
provide increased wear resistance, if the layer becomes too brittle leading to delamination. The C27-
860 in the current tests showed the highest initial and deformed hardness, but also the highly deformed
layer was thicker compared to the other two samples. It cannot be clearly stated, whether the depth
of the deformed layer and the hardness increase of the wear surface are linked, but presumably these
two features combined resulted in the improved wear resistance of the C27-860 over the two other
variants.

Though the results indicated that the grain size, or more importantly the grain size, structure, and
morphology together, could be a major factor for the abrasive wear resistance of the tested steels by
having an effect on the work-hardening, it should be noted that the as-received C27-DQ might have
been subjected to low-temperature tempering. This could not be confirmed from neither the laser-
optical nor the FESEM microscope images, but the amount of precipitates suggested that either strong
autotempering or separate tempering treatment had taken place. Tempering could have had an effect
on the wear resistance as seen in earlier work [25], and the possible effects of tempering on the wear
resistance of C27-DQ cannot be ruled out. Therefore, to minimize all the variables in future work,
steel compositions should be designed for a given subject to study. The challenge is to have minimum
amount of alloying content for minimizing the effect of different elements on the work-hardening
capability and subsequently on the wear characteristics.



Future work will be carried out to enhance the EBSD imaging of wear surfaces. The current results
were first of a kind in terms of image quality when imaging worn steel surfaces. More work will be
done to improve the image quality even further, and higher magnifications will be used if possible.

5. CONCLUSIONS

In this study, a commercial 500 HB grade wear-resistant steel was reaustenitized at two different
temperatures for examining the effect of prior austenite grain size on the mechanical properties and
abrasive wear performance. A total of three steel variants with different prior austenite grain sizes
and grain morphology were tested and characterized. The following observations were made:

(1) The reaustenitization at 860 and 960 °C resulted in equiaxed grain structure with 14 pm and 34
um mean liner intercept values, respectively. The sample in the as-received condition had highly
elongated grain structure with aspect ratio over 2 and mean linear intercept of 15 um. In terms of
mechanical properties, the grain size had the most significant effect on the impact toughness: the
increase of prior austenite grain size from 14 to 34 um halved the impact energy when tested at -40
°C with Charpy-V method.

(2) The lowest mass loss in the high-stress abrasive dry-pot testing was measured for the C27-860
sample, which had the smallest prior austenite grain size. Microhardness testing revealed that the
C27-860 had the highest surface hardness after wear testing indicating higher work-hardening
capability when compared to the other two test variants. FESEM imaging revealed high degree of
plastic deformation and orientated structure in the vicinity of the wear surfaces.

(3) The EBSD was successfully utilized to confirm the presence of fine grain structure near the wear
surface; an ultra-fine grain structure was discovered near the tribolayer. The depth and severity of the
deformed microstructure varied between the steels. The layers were divided into severely and highly
deformed regions. The thickness of both layers was the highest for the C27-860, which could explain
the best wear performance.
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