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ARTICLE INFO ABSTRACT

Keywords: This study encompasses a comprehensive account of the abrasive wear properties of carbide-free, ultrahigh-

Steel strength bainitic steels processed through ausforming at three different temperatures well below the recrystal-

Bainite . lization stop temperature followed by bainitic transformation at temperatures close to the Mg temperature. Five
X\Lerz;rs:;rsltmg medium-carbon, high-silicon compositions were designed for the study by suitably varying the alloying levels of
Microstructure carbon, vanadium, niobium, molybdenum, and aluminum. While ausforming at lower temperatures enabled a

large number of nucleation sites leading to significant refinement of bainitic laths, the decomposition of austenite
at relatively low transformation temperatures was accelerated due to the presence of a high dislocation density,
thus enabling completion of bainitic transformation in a reasonable length of time. The steels were characterized
in respect of microstructural features and mechanical properties, besides evaluation of wear resistance through a
high-stress abrasive wear testing method with natural granite abrasives. The microstructures comprised different
fractions of bainitic ferrite and/or granular bainite (56-68%), martensite (0-25%), besides a significant fraction
of retained austenite (20-34%) manifesting as pools and also interlath films, depending on the ausforming
conditions and subsequent cooling paths. A tensile strength of 1900 MPa level was achieved with hardness
exceeding 500 HV for the medium-temperature ausformed steel containing a high carbon content that also
showed lowest mass loss in the wear test. The hardness-to-mass loss ratio appeared highly promising with some
of the carbide-free bainitic steels on par with or better than the reference martensitic steel. The high work-
hardening capability as a consequence of the strain-induced austenite to martensite transformation was
considered as the main factor for the superior abrasive wear resistance of the carbide-free bainitic steels.

1. Introduction Lately many studies have focused on different phases or phase mix-

tures to understand the effect of microstructure on the wear resistance of

Various grades of high-hardness steels that are categorized according
to the surface hardness levels are used in high-stress abrasive conditions.
These steels are typically ultrahigh-strength martensitic steels with
surface hardness greater than 500 HV. The fabrication of quenched, and
often also tempered, martensitic steels is a well-recognized method to
produce hard, high-strength materials for various applications. The
composition design involves lean, cost-effective alloying including the
carbon content that can be adjusted along with the process design to
have suitable mechanical properties for different wear systems and en-
vironments. Abrasive wear environment usually requires high initial
surface hardness to minimize the mass loss of the material. Martensitic
steels are therefore preferred as protective materials against abrasion
owing to the high strength and hardness of the martensite phase.
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steels, including the quenched and partitioned (Q&P) steels, different
types of bainitic steels and some other multiphase steels [1-6]. Of these
novel concepts, carbide-free bainitic (CFB) steels are believed to be the
most studied multiphase steels in the past decade [7-10], though the
concept of ultrahigh-strength bainitic steels has been introduced even
earlier [11]. It has been shown that wear resistance is not solely
dependent on the initial hardness of the steels, but the microstructural
features too have a noticeable effect on the wear behavior of steels
[12-15]. In other words, the types and fractions of different phases alter
the wear properties naturally depending on the wear systems and con-
ditions. However, comparisons have often been made between steels of
different microstructures with relatively low hardness levels, when
compared to that of the martensitic steels. Undoubtedly, the main
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challenge has since been the difficulty of producing ultrahigh-strength
steels other than the martensitic steels with hardness exceeding 500 or
600 HV, especially in combination with more robust processing methods
that simulate industrial scale production lines.

In fact, an increasing number of studies have emerged recently
presenting different types of bainitic steels with high hardness levels
that are comparable to the ultrahigh-strength martensitic steels [3,4,
16-18]. The latter steels mainly comprise of martensitic matrix with
possible presence of some finely distributed retained austenite (< 5%),
whereas carbide-free bainitic steels may contain significant amount of
austenite, up to 30% or more, retained at room temperature due to
significant carbon enrichment. As with other types of multiphase steels,
retained austenite could provide better ductility, toughness, and
work-hardening capabilities that may be indirectly beneficial in terms of
wear resistance. Therefore, novel processing techniques were utilized to
produce extremely refined carbide-free bainitic steels with significant
fractions of finely divided retained austenite for characterization in
respect of abrasive wear properties.

The main objective of this work was to study the mechanical prop-
erties, microstructural features and wear performance of five high-
silicon, medium carbon bainitic steels, ausformed at three different
temperatures: i) just below recrystallization stop temperature, ii) in the
bay between ferrite and bainite C-curves and iii) below the bainite start
temperature. Phase transformation temperatures and C-curves for
similar steels were acquired in previous study published by Kaikkonen
et al. [19]. The wear testing was conducted with application-oriented
high-stress abrasive testing method. For comparison, a commercial
500 HB grade martensitic steel was included in the wear testing.

2. Materials and methods

The chemical compositions of the five experimental steels in weight
percentages are shown in Table 1. Steels A, B, C and D were alloyed with
0.4% carbon, while Steel E contained 0.5% C. All five compositions had
2.0% Mn and 0.7% Cr, in weight percentages. In steel B the Mo content
was increased to 0.3% to observe the strengthening effect of molybde-
num, whereas in steels C, D, and E, vanadium was used as a strength-
ener. Manganese is a strong austenite stabilizer and all five compositions
were designed to have good austenite stability to enable straining in
austenite well below recrystallization stop temperature prior to
isothermal holding at the desired bainite transformation temperature.
On the other hand, silicon as a strong graphitizer is recognized to pre-
vent carbide precipitation during isothermal holding. For the sake of
comparison, in Steel D, a part of the silicon was replaced with
aluminium (0.50%), which is also a potent ferrite former and prevents
carbide formation during isothermal holding in the bainitic regime.
Despite its plausibly harmful effect on the hardness of the steel,
aluminium is known to accelerate the bainitic transformation and is
considered beneficial in completing the bainite reaction or achieving a
high fraction of bainite in a reasonable length of time, thus reducing the
amount of untempered, high carbon martensite formed during final
cooling to room temperature.

Five compositions were cast in blocks of 150 x 150 x 500 mm, which
were then subjected to homogenization annealing at 1250 °C for 24 h,
followed by rough rolling down to a thickness of 45 mm (~70%
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reduction in rough rolling). After the long annealing at such high tem-
perature, some decarburization occurred on the surface and thus, about
2 mm was milled away from both sides of the rough-rolled and ho-
mogenized blocks. One block of each composition was processed
through one of the three different ausforming processing routes (see
Fig. 1) that comprised hot rolling well above recrystallization stop
temperature, followed by ausforming planned at either 850 °C (HT),
550 °C (MT) or 450 °C (LT; 420 °C), ending up to a thickness of 12 mm
(~70% of total reduction). The experimental ausforming temperatures,
however, were ~820, ~550 and ~420 °C, respectively. Hereinafter, the
steel will be recognized by its ausforming condition and the steel code, e.
g. HT-A, MT-C, etc. Following ausforming, all 12 mm plates were cooled
down to 350 °C and held there isothermally for 60 min for facilitating
bainite transformation.

Mechanical properties were evaluated in respect of tensile properties
as well as Vickers hardness data. Tensile properties were measured using
round specimens (p6 mm x 25 mm gauge length) according to EN
10002-1 standard in a 100 kN Zwick Roell tensile testing device, three
tests each for specimens extracted in rolling direction (RD) for all the
steels. For Vickers hardness measurements with a Duramin A300 in-
strument, at least ten indentation measurements were made for each
sample using a 10 kgf load.

Metallographic characterization was carried out with a Keyence VK-
X200 laser scanning confocal microscope, a Zeiss Sigma field emission
scanning electron microscope (FESEM) with 5 kV acceleration voltage
and a Rikagu SmartLab X-Ray diffractometer equipped with a Co K,
source at a scanning rate of 7° min~" over the range of 20 = 45-130°.
Phase fractions were estimated using both X-Ray diffraction (XRD) as
well as image analysis on SEM pictures, more precisely by point
counting method according to ASTM E 562 standard [20]. SEM obser-
vations for the point calculations were made at 1 mm depth and
mid-thickness of the plates, as the temperature during thermomechan-
ical processing was monitored in the core of the plate. The
cross-sectional samples were prepared by polishing and etching with 2%
Nital prior to the microscopy.

Wear testing was done at Tampere Wear Center, Tampere University,
Finland. The selected method was performed on a dry-pot tester, an
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Fig. 1. Schematic sketch of the thermomechanical processing routes.

Table 1

Chemical compositions of the tested steels (wt.%, balance Fe). 500 HB showing the nominal maximum content, from brochure sheet.
Material C Si Mn Al Cr Mo \4 Nb
Steel A 0.40 1.30 2.0 <0.01 0.70 <0.01 0.02 <0.01
Steel B 0.40 1.30 2.0 <0.01 0.70 0.30 0.02 0.02
Steel C 0.40 1.30 2.0 <0.01 0.70 <0.01 0.10 0.02
Steel D 0.40 1.00 2.0 0.50 0.70 <0.01 0.10 0.02
Steel E 0.50 1.30 2.0 <0.01 0.70 <0.01 0.10 0.02
500 HB 0.30 0.80 1.70 - 1.50 0.50 -
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application-oriented pin-mill type tester for high-stress abrasive wear
testing. The test procedure has since been extensively used for evalu-
ating the abrasive wear performance of various steels and the imposed
test conditions often closely simulated the real-world wear systems,
especially existing in mining and mineral handling environments when
tested with dry gravel bed [3,21-23]. The test set-up and experimental
parameters were very similar to those used in a previous study con-
ducted by Haiko et al. [24] and is briefly outlined here. The device
comprises a shaft fitted with the sample holders and a steel pot. Fig. 2a
presents a view of the experimental facility. The samples are rotated
inside the pot filled with abrasives. The granite from Kuru quarry,
Finland, sieved to a size distribution of 8-10 mm was used as the
abrasive medium. The shaft inside the pot was rotated at 250 rpm
(sample tip speed 2.5 m/s). Four samples were tested at each test period
(60 min) and one of the samples was always the reference material (500
HB steel). The total test time (240 min) for each experiment consisted of
four 60 min periods. Between the periods, the samples were weighed,
the gravel was replenished, and the position of the samples was changed.
The gravel batch for each test period consisted of 9000 g of granite. 1350
g of quartzite (100-600 pm, Nilsid quarry, Finland) was used to prevent
the granite from packing underneath the tester shaft head. The sample
dimensions were 64 x 40 x 10 mm and the orientation was +45° to
normal. Two samples of each CFB material were tested.

The worn materials were inspected after the wear testing. Surface
roughness measurements (R, root mean square height) based on the ISO
4287-1997 standard [25] were conducted on an area (3.4 x 2.3 mm)
marked in Fig. 2b (1) with three measurements per sample. Measure-
ments were done with the laser scanning confocal microscope. The
cross-sectional samples for the characterization of the deformed surface
were prepared near the most worn part (Fig. 2b, dashed line marked
with 2). Back-scatter electron (BSE) images of the surface embedded
with granite were taken on the area marked with number 3 in Fig. 2b.
The granite area coverage was calculated 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.

In order to prepare a geometrical magnification of the tribolayers,
the tapered samples of the wear surfaces were prepared in a similar way
as presented by Valtonen et al. [21]. The samples were cut near the area
marked with number 3 in Fig. 2b. Samples were then placed on 10°
angle to horizontal using a taper section sample holder, cold-mounted,
and further polished and etched for microscope inspection and micro-
hardness measurements. Microhardness measurements were conducted
on the tapered samples as close to the interface as possible, between the
granite covered surface and the deformed material underneath. Mea-
surements were made on three different spots with a minimum of five

Rotation
direction
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indentations. The used tester was CSM Instruments MHT-Z-AE and the
indentations were made with 0.25 N force.

3. Results
3.1. Microstructures of the studied steels

Thermomechanically controlled processing according to Fig. 1
resulted in various microstructures comprising different phase mixtures
depending on the deformation parameters (temperature, strain, and
strain rate) as well as the thermal paths the steels were subjected to.
Fig. 3 presents representative FESEM micrographs recorded on various
samples, revealing varying mixtures of bainitic ferrite, granular bainite,
(untempered, high-carbon) martensite and retained austenite. Phase
fractions and the average size of bainitic ferrite features (BFF) based on
the image analysis as well as the phase fractions estimated through XRD
measurements are presented in Table 2. As regards BFF, all kind of
bainitic features were considered in the measurements, including the
thickness of bainite laths and plates as well as the diameter of granular
bainite, which explains the scatter in the data and relatively high
coarseness of the bainite compared to values reported in literature [26,
271.

The samples, following MT ausforming at about 500 °C, were cooled
relatively slowly because of the difficulties in accurately controlling the
temperature down to the isothermal holding temperature of 350 °C.
Hence, the fraction of bainite transformation was relatively low owing to
the higher transformation temperature, as most of the 1 h holding time
(practically, non-isothermal) was spent during cooling to 350 °C itself
(see Fig. 1). Steel E with 0.5% C and microalloy additions of Nb and V,
should presumably have still further delayed transformation, which was
incomplete during holding for 1 h after MT ausforming at 500 °C,
leading to the transformation of a high fraction of untransformed
austenite into martensite during final cooling.

All steels contained significant fraction (20.0-33.6%) of retained
austenite, either as coarse (5-10 pm) pools or fine, inter-lath films, as
fine as 30-50 nm in thickness. However, it was seen that thin austenite
films could be observed also in the microstructures where bainite plates
were coarse, while the size of the retained austenite mainly correlated
linearly with BFF. The commercial 500 HB steel was only studied with
FESEM and confirmed fully martensitic. Previous measurements [1] for
the 500 HB steel had shown that no retained austenite or only very low
fraction of austenite could be observed with XRD.

Abrasive flow

Fig. 2. a) Dry-pot tester fitted with four samples at +45° angle to normal and b) worn sample marked with measured and investigated areas (not in true scale): 1.
surface roughness, 2. cross-sectional samples for microscopy (laser and FESEM), and 3. FESEM (BSE) imaging and taper sectioning area.
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LT (420 °C)

MT (550 °C)

Wear 456-457 (2020) 203386

HT (850 °C)

Fig. 3. Microstructures of the tested steels; images taken at 1 mm depth below surface at rolling-to-normal direction.

3.2. Mechanical properties

The mechanical properties for the tested bainitic steels are given in
Table 3. The results include tensile properties (0.2% offset yield strength
(Rpo.2), ultimate tensile strength (Ry,), and uniform elongation (Ag))
measured at room temperature, and the bulk hardness (HV10). The
retained austenite fractions stabilized down to room temperature and
BFF are also included in Table 3 for ready comparison. With significant
fractions of fine austenite retained at room temperature, low values of
yield ratio were not surprising. The highest hardness (535 + 22 HV10) of
the sample MT-E corroborates its high tensile strength (1912 + 9 MPa)
to relatively higher carbon content in the steel (0.5% C), besides a

significant fraction of both fine bainite (63%; 368 + 24 nm) and
martensite (16%) together, and consequently a slightly reduced fraction
of austenite (22.9%) in the microstructure than seen in HT-E (27.7%)
and LT-E (33.6%) samples, respectively. Similarly, HT-E sample dis-
played higher hardness (472 + 17 HV10) and tensile strength (1469 +
24 MPa) compared to LT-E sample (445 + 10 HV10 and 1462 + 20
MPa), owing to the finest bainite (175 + 15 nm) measured, besides a
lower fraction of retained austenite. Interestingly, the difference in
strength between HT-E and LT-E was considered minor, even though LT-
E with a higher fraction of retained austenite showed considerably
higher uniform elongation (25.2 + 0.5%), because of the enhanced
stability of the retained austenite, which influenced its higher strain-
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Table 2
Phase fractions of experimental steels.
Material Image Analysis XRD
Bainitic ferrite Martensite BFF Retained austenite

[%] [%] [nm] [%]

LT-A 61 4 343 + 29.0
43

LT-B 56 0 686 + 29.8
39

LT-C 56 14 532 + 29.8
41

LT-D 62 0 444 + 26.5
17

LT-E 61 0 395 + 33.6
35

MT-A 50 25 285 + 21.3
15

MT-B 67 4 329 + 20.0
18

MT-C 59 12 574 + 20.8
33

MT-D 52 21 400 + 22.6
34

MT-E 63 16 368 + 229
24

HT-A 60 21 523 + 20.8
37

HT-B 58 22 532 + 229
28

HT-C 60 22 371 + 23.6
30

HT-D 58 22 352 + 24.0
27

HT-E 68 3 175 + 27.7
15

hardening ability, thus contributing to both elongation as well as tensile
strength. Nevertheless, the morphology of the bainite could be described
as thin, lath-like sheaves in LT-E sample, whereas in HT-E sample, the
shape was more granular and these are the main contributors to the
strength depending on their respective fractions, i.e. 61 % and 68% in
the steels LT-E and HT-E, respectively.

However, the highest hardness for most compositions (except for
Steel D) was obtained in MT-ausformed condition, due to somewhat
lower fractions of austenite and higher fractions of martensite in some
cases. Moreover, the lowest hardness for each composition was obtained
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in LT steels, probably originated from slower cooling from 850 °C to 450
°C and relatively lower deformation at the ausforming temperature
compared to HT and MT ausforming conditions.

Referring to Table 2, sample LT of steel A (LT-A), showed significant
fraction of retained austenite (29%) following 1 h holding at 350 °C
suggesting extensive bainite formation (61%) during isothermal holding
and hence, only little martensite formation (4%) during final cooling,
resulting in somewhat lower hardness (below 400 HV10) than other LT
samples, Table 3. Unexpectedly, the second highest tensile strength
(1702 + 65 MPa) was displayed by steel MT-A, not only because of the
high martensite fraction (25%), but also due to fineness of the bainitic
structure (285 + 15 nm). For instance, MT-D had approximately similar
phase fractions as MT-A, but remarkably coarser bainite decreased its
hardness (418 + 19 HV10) and ultimate tensile strength (1500 + 7 MPA)
to comparatively lower level. In general, the mechanical properties of
the tested bainitic steels were high and in terms of ultimate tensile
strength, MT steels were comparable to commercial ultra-high strength
martensitic steels. Yield strengths, however, were considerably lower
than in martensitic steels obviously as a consequence of lower strength
of bainite, but the strain hardening capability of the tested bainitic
steels, in general, was far superior to the commercial steels.

3.3. Wear test results

3.3.1. Mass loss

The wear test results in respect of mass loss following the dry-pot
testing are presented in Table 4. The results are also plotted on a chart
in Fig. 4a. Most of the CFB steels showed abrasive wear performance
correlating with the initial hardness, but some exceptions to this
established phenomenon did also exist. Unsurprisingly, the lowest mass
loss was measured for the sample with the highest initial hardness (MT-
E; 535 + 22 HV10) obviously as a result of higher carbon level (0.5% C)
in the steel besides combined high fraction of martensite and bainitic
ferrite, whereas the sample LT-A with the lowest initial hardness (375 +
7 HV10) showed the highest mass loss.

The most interesting steel sample, however, was the LT-C which had
very good hardness-to-mass loss ratio, i.e. the mass loss was relatively
low despite the low initial hardness. Moreover, the BFF of the LT-C was
above average (532 + 41 nm), while retained austenite content was
quite high. Also, the MT-E performed very well, but as a consequence of
the highest initial hardness. However, the hardness of MT-E was on par
with the commercial 500 HB steel while the measured mass loss was
lower for the CFB steel.

Table 3

Mechanical properties with standard deviations and retained austenite content of the tested steels.
Material Rpo.2 [MPa] R, [MPa] Yield ratio Ag [%] Hardness HV10 [kgf/mmz] Retained austenite [%] BFF [nm]
LT-A 807 £ 21 1342 +£ 17 0.60 198 £1.1 375+ 7 29.0 343 +43
LT-B 819 + 28 1391 + 24 0.59 18.4 + 0.5 416 + 13 29.8 686 + 39
LT-C 781 +£ 18 1413 +£ 18 0.55 18.8 £ 0.3 412+ 7 29.8 532 + 41
LT-D 833+7 1294 £ 3 0.64 18.2 £ 0.3 393 +£11 26.5 444 + 17
LT-E 910 £ 9 1462 + 20 0.62 25.2 £ 0.5 445 + 10 33.6 395 + 35
MT-A 796 + 62 1702 + 65 0.47 9.6 + 1.0 458 + 18 21.3 285 + 15
MT-B 870 + 49 1566 + 9 0.56 11.0 £ 0.2 455 + 18 20.0 329 + 18
MT-C 758 + 26 1626 + 32 0.47 113+ 1.2 460 + 12 20.8 574 + 33
MT-D 712 £+ 20 1500 + 7 0.47 11.5+ 0.3 418 + 19 22.6 400 + 34
MT-E 821 £ 10 1912+ 9 0.43 7.9+ 0.6 535 + 22 22.9 368 + 24
HT-A 828 + 138 1490 + 2 0.56 10.6 + 0.2 436 + 19 20.8 523 + 37
HT-B 855+ 6 1423 + 23 0.60 12.3 + 0.4 451 + 13 22.9 532 + 28
HT-C 713 + 35 1436 + 14 0.50 123+ 0.1 435+ 18 23.6 371 + 30
HT-D 914 + 67 1425 + 14 0.64 11.4+1.2 436 + 12 24.0 352 + 27
HT-E 935 + 39 1469 + 24 0.64 14.1 £ 0.7 472 + 17 27.7 175 £ 15
500 HB 1300 1600" - 535+ 16 -

? Information from manufacturer’s data sheet (typical properties).
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Table 4
Tested materials with the initial hardness, dry-pot test results (mass loss) and
difference to the reference material (500 HB). Standard deviations included.

Material Hardness HV10 [kgf/mmz] Mass loss [g] Diff. to 500 HB [%]
LT-A" 375+7 1.773 + 0.051 +13.7
LT-B 416 + 13 1.665 + 0.016 +6.7
LT-C* 412+ 7 1.547 + 0.015 -0.8
LT-D* 393 £11 1.653 + 0.018 +6.0
LT-E 445 + 10 1.588 + 0.027 +1.8
MT-A 458 + 18 1.583 + 0.011 +1.4
MT-B 455 + 18 1.616 + 0.054 +3.6
MT-C* 460 + 12 1.591 + 0.026 +2.0
MT-D 418 £ 19 1.653 + 0.042 +5.9
MT-E* 535 + 22 1.470 + 0.040 -5.8
HT-A 436 + 19 1.605 + 0.019 +2.9
HT-B 451 +£13 1.572 + 0.016 +6.7
HT-C" 435 + 18 1.660 + 0.015 +6.4
HT-D 436 + 12 1.631 + 0.081 +4.6
HT-E" 472 £ 17 1.560 + 0.018 +0.0
500 HB" 535 + 16 1.560 + 0.044 -

2 Samples selected for further investigation.

In Fig. 4a, the steels have been plotted on hardness vs mass loss chart
for better illustration of the differences between the steels in terms of
wear resistance. Starting with the LT-ausformed steels, except for the LT-
C sample, the other LT samples from steels B and D showed relatively
high mass loss, although the hardness of these samples was somewhat
low (416 + 13 and 393 + 11 HV10, respectively) compared to samples
from HT- and MT-ausformed steels. This was essentially because of the
relatively high retained austenite contents and little or insignificant
martensite formation during final cooling. As mentioned, the LT-A had
the highest mass loss, presumably due to the lowest initial hardness
together with low fraction of martensite.

At the same initial hardness level of approximately 440 HV10, the
wear behavior of the three HT-ausformed steels A, C and D suggested
that steel A had the best abrasive wear resistance among the three. This
may be correlated to its microstructure, as its austenite content was
lower and more interestingly, the BFF was higher than seen in HT-C and
HT-D samples. On the other hand, the HT-B with 0.4% C and 451 HV10
hardness showed comparable wear resistance with that of HT-E with
0.5% C and marginally higher hardness of 472 HV10. Initially, the re-
sults can be corroborated in respect of microstructures and tensile
properties, which show that higher carbon content in HT-E stabilized
more austenite to be retained at room temperature after isothermal
holding, whereas in HT-B sample, more martensite was formed during

1.8
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cooling to room temperature and explains the role of deformation at
high temperature in the no-recrystallization regime (Tyg regime), fol-
lowed by isothermal holding at 350 °C. Nonetheless, there were prac-
tically no marked difference in microstructures of HT-A and HT-B
samples; HT-B sample had slightly higher retained austenite content
(22.9%), but it exhibited better performance in respect of abrasive wear
resistance. Presumably, solid solution strengthening with Mo may have
caused the difference. The wear behaviour of MT-ausformed samples
(steels A, C and B) is not easy to understand because of slow cooling, but
the mass loss seems to be marginally higher than the HT-ausformed
samples, in general.

Eight wear-tested steel samples were selected for further detailed
inspection and study in respect of differences in wear behavior. The
selected wear-tested steel samples from Fig. 4a are shown again in
Fig. 4b. The LT-C, HT-E, and MT-E were selected due to the low mass loss
compared to that of the reference 500 HB steel, despite their widely
varying hardness values (412 + 7, 472 + 17, and 535 + 22 HV10,
respectively). The other two variants of Steel C (HT-C and MT-C) were
also included to study the effect of the processing on the wear perfor-
mance. The LT-D and LT-A samples were also chosen to represent the
steel types with LT-ausforming conditions that resulted in low hardness
as well as relatively poor abrasive wear resistance. Also, the reference
steel 500 HB was included for comparison. The wear behavior of these
eight steel samples including corroboration with the microstructures
and properties will be discussed further in the following chapters.

3.3.2. Surface roughness and granite embedment

The surfaces of the steel samples were heavily deformed by the hard
abrasive particle flow, and also granite particles had embedded on the
surface of the samples during testing. Therefore, the surface roughness
and granite embedment of the worn steel samples were carefully
measured. Previous studies by Haiko et al. [1,24] have shown that both
the surface roughness and granite embedment have some correlation
with the wear performance, i.e. the lower the mass loss is, the lower the
R-values and granite area coverage are. Also, an increase in the initial
hardness of the samples seemed to result in smoother surface and less
granite embedment of the wear-tested samples. The correlation has been
found to be distinctly profound when tested in impact-abrasive condi-
tions with an impeller-tumbler compared to the presently employed
abrasive dry-pot method [24].

The surface roughness values are plotted in Fig. 5. There was no clear
correlation between the Rq and the mass loss. Though, the MT-E sample
with the highest initial surface hardness and the lowest mass loss
expectedly did have the smoothest surface after wear testing, but the
differences between all the samples were quite minor.

The area covered by granite embedment had slightly better

w7
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Mass loss [g]
~
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Fig. 4. a) Initial hardness vs mass loss for all tested steels, b) initial hardness vs mass loss for steels that were selected for the detailed characterization. Dashed line

shows the 500 HB mass loss.
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Fig. 5. Surface roughness (Rq) of the worn samples and average area covered
by granite.

correlation with the mass loss (Fig. 5). Some examples of the BSE-images
are given in Fig. 6. Interestingly, the LT-A sample with the highest mass
loss appeared to have less granite embedment and rather smoother
surface than some other variants despite having the lowest initial
hardness (Figs. 5 and 6a). This could be and indication that the wear
mechanisms for the lowest hardness sample has been slightly different
from the other samples. The HT-E and 500 HB steels had almost identical
area coverage for granite embedment albeit a difference of about 60
HV10 in the initial hardness. Standard deviation for the surface rough-
ness and granite embedment measurements was less than 5%.

3.3.3. Wear surfaces

Fig. 7 shows the panorama images of the wear surface cross-sections
taken with the laser scanning confocal microscope that provide some
general information about the depth of deformation and granite particle
penetration. The different microstructural features can also be seen in
the images. The most worn sample (LT-A) showed quite a large amount
of embedded granite near the surface (Fig. 7a), and the particles
appeared to have formed a distinctive tribolayer on the surface, i.e. a
mixture of granite and steel. The maximum depth of the deformed
microstructure reached approximately 20-25 pm below the surface: the
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depth of the deformed microstructure was measured from the cross-
sectional views by image analysis. Sample LT-C (Fig. 7b) also showed
large areas covered by embedded granite, but the thickness of the tri-
bolayer appeared significantly lower in comparison with that of the LT-A
sample. The depth of deformation was difficult to measure for the LT-C
sample because of the highly orientated features in the microstructure,
but an estimated maximum depth was around 17 pm. Similar difficulties
were encountered with the LT-D sample (Fig. 7c) when trying to eval-
uate the deformed microstructure, but it was concluded that the plastic
deformation layer had somewhat reached similar depth level as with the
LT-C sample (Fig. 7b).

The MT-treated steels MT-C and MT-E (Fig. 7d-e) had some granite
embedded, but the deformation depth was slightly lower compared to
the LT-steel samples presumably because of the higher initial hardness
of the MT-samples, owing to a significant fraction of martensite in these
samples, as discussed earlier. The MT-E, sample with the lowest mass
loss, showed some shallow pits and particles embedded (Fig. 7e), but the
surface, in general, had less damaged appearance compared to the
previous samples discussed above. The HT-C sample (Fig. 7f) had a
significant amount of abrasives carved into the surface, even though the
deformation depth did not exceed 20 pm. A large abrasive particle can
be seen embedded to the HT-E sample surface in Fig. 7g, but the given
steel showed quite less damage, i.e. only very thin tribolayer was formed
and only a low amount of plastic deformation had occurred. This can be
attributed to its high hardness (472 HV10) owing to 0.5% C in the steel,
though the retained austenite fraction was somewhat high 27.7%
compared to other HT-ausformed steels. The commercial 500 HB wear
resistant steel (Fig. 7h) had lower amount of plastic deformation
compared to the CFB samples. Based on the laser-optical cross-sections,
the HT-E and 500 HB samples (Fig. 7g and h, respectively) had the least
deformed surfaces, while the lower hardness samples had more abrasive
penetration and plastic deformation reached deeper into the bulk
material.

The tapered samples are presented in Fig. 8. The images show the
transition from the granite covered surface to the deformed material just
below the surface (in sub-surface region), i.e. the examination is con-
ducted directly from below the surface, and not from the side like in the
case of the cross-sectional samples. As the samples have been prepared
at 10° angle, the depth of the visible area changes when moving from top
to bottom in the image. Therefore, the 20 pm scale bar (Fig. 8h) corre-
sponds to horizontal direction; the same 20 pm movement in the vertical

Fig. 6. FESEM BSE images of the wear surfaces: a) LT-A, b) LT-C, ¢) MT-E, and d) 500 HB.
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Fig. 7. Laser-optical images of the wear surfaces (cross-sections): a) LT-A, b) LT-C, ¢) LT-D, d) MT-C, e) MT-E, f) HT-C, g) HT-E, and h) 500 HB. Abrasive flow during
the test was from left to right. Dark areas are air gaps between the plastic mount and the sample surface.

direction corresponds approximately 3.5 pm distance (depth). The
method enables wider view to the wear surface and the tribolayer. The
LT-A sample (Fig. 8a) with the highest mass loss had substantial amount
of granite particles attached to the surface, as also noticed from the
cross-section samples (see Fig. 7a). The interface between the granite
covered surface (top of the image) and the steel bulk beneath the surface
extended deeper into the material compared to the other steel samples.
The LT-C sample (Fig. 8b) had less damage on the surface, or in other
words, the damage did not reach as far beneath the surface as with the
LT-A sample. Instead, some large abrasives had attached to the surface,
but the number of particles seemed lower than those attached with the
LT-A sample. The tapered samples LT-D and MT-C (Fig. 8c and d,
respectively) had quite similar appearance, whereas the MT-E sample
(Fig. 8e) had large dents and scratches on the surface. The HT-C and HT-
E samples (Fig. 8f and g, respectively) had similarities to the LT-D and
MT-C samples (Fig. 8c and d, respectively), and no distinctly different
features could be stated. The most significant features were found with
the 500 HB reference steel sample that had notable amount of white
layer formation (Fig. 8h). The fully martensitic structures are more

prone to the formation of white layer and shear bands [28], but the clear
contrast between the light areas and the bulk material revealed the
severely strained and possibly transformed areas, too. It was relatively
difficult to observe these features in the already whitish appearing of the
CFB samples, presumably because the bainitic steels did exhibit little or
no white layer formation or adiabatic shear bands at all.

The FESEM images (Figs. 9-11) show more clearly the detailed
surface layer deformation. The severity of the plastic deformation is
most visible in the lowest hardness sample LT-A (Fig. 9). The micro-
structure appeared highly compressed and elongated beneath the
granite layer. Similar deformed structures could be observed in other
samples as well, but with lesser degree of deformation. The LT-C sample
with relatively low initial hardness (412 + 7 HV10) also showed strong
plastic deformation near the surface (Fig. 10a-b). However, the LT-C
sample showed some near-nanoscale features closest to the granite
embedment near surface (Fig. 10b, closely above the arrow). It could not
be ascertained clearly whether this was the white layer or sub-surface
shear band structure seen in the confocal microscopy. The formation
of a high-hardness layer could be a result of improved work-hardening
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Fig. 8. Laser-optical images of the wear surfaces (tapered samples): a) LT-A, b) LT-C, ¢) LT-D, d) MT-C, e) MT-E, f) HT-C, g) HT-E, and h) 500 HB.
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Fig. 9. FESEM image of wear surface (LT-A).

that eventually led to the increased wear performance. Fig. 10 shows the
FESEM images of the two samples with the highest initial hardness (MT-
E and 500 HB). Both had some white layer formed near the surface as
also seen in the confocal microscopy, and is also expected due to the
presence of the hard martensite phase.

3.3.4. Deformed hardness and retained austenite

Microhardness measurements of the wear surfaces are summarized
in Table 5. The deviation for the wear surface hardness data was high
due to the highly localized plastic deformation. Nevertheless, a sub-
stantial increase in hardness was observed for all the samples. Although
the microhardness measurements tend to show somewhat higher

hardness compared to the bulk macrohardness testing with higher force
[29] (10 kgf here), the comparison between the tested steels revealed
that the LT-C and MT-E steels had greater hardness increase compared to
the other steels, Table 5. The most interesting observation was made on
plotting the mass loss against the wear surface hardness (Fig. 12): the
surface hardness of the deformed surface and mass loss of the CFB steel
samples nearly resulted in a linear correlation with a high degree of fit, i.
e. R% = 0.913. In other words, the significant increase in hardness of the
LT-C sample (about 339 kgf/mm? difference) most probably resulted in
the relatively good wear performance despite the lower initial hardness.
It has been noted earlier that the wear surface hardness correlates better
with the wear resistance [30], and now the current results show that
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Fig. 10. FESEM images of wear surface (LT-C) with close-up on the right. Arrow indicates the direction of the deformed microstructure and flow direction of

the abrasives.

White layer.

Fig. 11. FESEM images of wear surfaces: a) MT-E and b) 500 HB.

Table 5

Bulk hardness prior to wear testing, surface hardness after testing and retained
austenite prior and after wear testing measured with XRD. Bulk hardness was
measured with 10 kgf force (HV10, 98.07 N) and deformed hardness with 0.25 N
load (Vickers diamond intender).

Material ~ Bulk Deformed Difference Retained Retained
hardness hardness [kgf/mmz] austenite austenite
[kgf/mm?]  [kgf/mm?] — prior — after
[%] [%]
LT-A 37517 629 + 38 254 29.0 6.5
LT-C 412+ 7 751 +79 339 29.8 5.2
LT-D 393 £11 671 + 63 278 26.5 5.4
MT-C 460 + 12 716 + 50 256 20.8 2.9
MT-E 535 + 22 839 + 64 304 22.9 3.9
HT-C 435 + 18 708 + 62 273 23.6 4.1
HT-E 472 +£ 17 743 + 46 271 27.7 11.7
500 HB 535+ 16 804 + 83 269 - -

effect with the tested CFB steels, as well.

The retained austenite measurements were made on the wear sur-
faces following the wear tests using the XRD and the results are included
in Table 5. It can be seen that all the CFB samples, irrespective of steel
type, had some austenite retained even after the testing, but a significant
fraction of the austenite had transformed during the abrasive wear
testing. The strain-induced transformation of austenite to high-hardness
martensite presumably explains the high degree of work-hardening and
the increased hardness levels at the surface of the worn steel samples.

4. Discussion
The experimental carbide-free bainitic steels showed some inter-

esting results regarding the mechanical properties and wear perfor-
mance. The three ausforming methods provided different mechanical
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Fig. 12. Initial bulk hardness and deformed surface hardness with mass loss of
selected samples (500HB not included in the fitting curve).

properties due to the varying phase content and differences in the bai-
nitic ferrite features. The amount of bainite was generally between 50 to
70%, while the amount of martensite and retained austenite varied as
well. The effect of different phase fractions on the mechanical properties
was eventually not as clear as expected. The highest initial hardness and
tensile strength were measured for the MT-E specimen (535 + 22 HV10,
1912 + 9 MPa), but the steel did not exhibit the highest martensite
(16%) content nor it showed the least amount of retained austenite
(22.9%). The size of bainitic ferrite features (BFF) was somewhat
average with (368 + 24 nm). However, the elongation (7.9 + 0.6%) was
the lowest of all samples, which might indicate that martensite content
could have been higher than observed. Nevertheless, the strength levels
and hardness of the MT-E were highly promising for a bainitic-
martensitic steel. All the other MT-ausformed steels also exhibited
higher tensile strength and slightly higher hardness compared to the LT
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and HT-samples, while elongation was generally reduced. The BFF
values were somewhat inconclusive, but this also applied to the other
ausforming methods.

Surprisingly, HT-A represented relatively low retained austenite
content (20.8%, second lowest of all studied steels) and coarse BFF (523
+ 37 nm), but it had somewhat higher tensile strength than HT-C and
HT-D samples. However, it is interesting to point out that despite the
refinement of bainitic structure in C and D samples through the addi-
tions of Nb (0.02%) and V (0.1%), the properties were not affected in a
positive manner. The HT-ausforming in general resulted in lower tensile
strength, but higher yield strength compared to that in the case of LT-
ausforming. The mechanical properties of the HT-samples were in be-
tween the LT and MT-samples. The lowest ausforming temperature (LT)
resulted in a mixture of bainitic ferrite and retained austenite without
the presence of a significant amount of martensite. Therefore, the steels
produced via LT-ausforming route obviously had the lowest tensile
strength and hardness among the three ausforming methods applied,
apart from the elongation.

The bainitic steels seemed to show almost linear correlation with the
mass loss and initial hardness (see Fig. 4a), with few exceptions. This
well-known phenomenon has been seen in multiple studies regardless of
the used wear testing device. In the current tests, the initial hardness did
have a marked effect on the abrasive wear resistance, but more promi-
nent outcome was the drastic effect of the work-hardened surface on the
wear performance. The major work-hardening capability of the CFB
steels resulted in some CFB variants to outperform the martensitic steel
when comparing hardness to mass loss ratio (LT-C and HT-E) and also in
terms of absolute mass loss (MT-E), see Fig. 12. Though, the martensitic
500 HB sample also experienced strong work hardening, it cannot be
attributed to the strain-induced transformation of retained austenite to
martensite, in the absence of any austenite in the steel. The martensitic
steels work-harden during abrasion [21,24], but this often leads to the
formation of adiabatic shear bands and white layer, also seen in the
current work. These, in turn, might act as sites for easy crack initiation
and propagation. However, the amount of white etching layer was low
or even absent for the CFB steels. Those CFB samples with more
martensite present did show shear bands and white layer formation, but
this was still much more suppressed compared to the martensitic steel.
The lack of white layer and shear bands could be one possible reason for
the lower mass loss compared to the martensitic steel, especially for the
lower hardness sample LT-C. However, the LT-C also showed some
martensite present in the microstructure based on the image analysis,
which in turn might have been beneficial against abrasive wear. Based
on the microhardness and XRD measurements of the wear surface, it is
quite clear that substantially high work-hardening capability can be
attributed for the outstanding wear performance when considering the
hardness-to-mass loss ratio.

Among the tested CFB steels and ausforming methods, the results
were somehow scattered and no general suggestion on the recom-
mendable ausforming method or composition could be made. The
higher carbon composition E was the best composition on average,
presumably due to the higher carbon content and therefore due to the
increased average hardness. The composition C was included in the
further inspection with all the three ausforming methods represented.
The lowest mass loss of the composition C samples was measured for the
LT-C with the lowest initial hardness, but which had the highest
deformed hardness after wear testing. The bainitic ferrite fraction was
estimated very close to each other, but the LT-C steel had the most
retained austenite present, and the highest fraction of stable inter-lath
austenite films instead of blocky austenite, despite mean BFF was the
lowest in HT-C. With all the three C-steels almost all retained austenite
had transformed during the abrasive wear. Similar to the other CFB
steels, the ranking from best to worst in terms of wear performance was
dependent on the deformed hardness irrespective of the initial hardness.

Referring to Fig. 4a once again, among the HT-ausformed steels A, C
and D at the same hardness level of about 440 HV10, the HT-ausformed
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steel A showed the least abrasive wear resistance, which could be
correlated to its microstructure: the BFF was largest for the HT-A. Also,
the LT-B and LT-C at the same hardness level showed lower mass loss for
the sample with lower BFF. However, the comparison of BFF was very
difficult between the steels due to the different features included in the
calculations. Hence, the BFF size cannot be clearly stated to have a direct
effect on the work-hardening or wear resistance, but it should be
considered as one important feature affecting the work-hardening and
subsequently wear resistance.

As a result, the CFB steels with the capability to undergo extensive
work-hardening and inherent lower susceptibility to white layer and
shear band formation provide a promising combination for possible
wear-resistant steels. In the current work, some CFB variants out-
performed the martensitic steel irrespective of the initial hardness.
Moreover, the possibility to produce CFB steels with even higher hard-
ness could provide even further enhanced wear performance matching
or exceeding high-hardness (> 600 HB) martensitic steels. For future
considerations, the wear testing of CFB steels should be continued with
other wear testing devices and higher sample count for more compre-
hensive knowledge on the wear resistance. Furthermore, the micro-
structural features should be determined more carefully for better
understanding on the factors affecting the wear performance.

5. Summary and conclusions

Several carbide-free bainitic steels were produced via three different
ausforming methods. The steels were tested for mechanical properties
and abrasive wear resistance. Microstructural features were character-
ized from both unworn and worn samples. The following conclusions
were made:

(1) The produced microstructures consisted of different fractions of
bainitic ferrite or granular bainite (56-68%), martensite (0-25%)
and retained austenite (20-34%), which was discovered as coarse
pools and inter-lath films in the microstructure. The high-
temperature ausforming at 850 °C resulted in most martensite
fraction, while the low-temperature ausforming (450 °C) pro-
duced the highest retained austenite content and least martensite.
The medium-temperature (550 °C) ausforming lead varying
fractions of the phases due to the difficulty in controlling the
temperature.

The experimental carbide-free bainitic steels produced via three
different ausforming routes exhibited high mechanical properties
with yield strength between 700-900 MPa and tensile strength in
the range of 1300-1900 MPa. Yield ratio was generally low
(0.43-0.64) and total elongation was varying from 7.9 to 25.2%.
The highest hardness (535 + 22 HV10) and tensile strength
(1912 + 9 MPa) were measured for the medium-temperature
ausformed steel with the highest carbon content. Steel samples
ausformed at low temperature (450 °C) had higher elongation
and decresed hardness, while the medium-temperature aus-
formed steels showed the highest strength. The high-temperature
forming (850 °C) resulted in mechanical properties averaging
between the two other ausforming treatments.

High-stress abrasive wear testing in the form of dry-pot pin-mill
tester was utilized for measuring the wear performance reported
as mass loss. The lowest mass loss was measured for the MT-E
sample, which also had the highest initial hardness, while the
same hardness level commercial martensitic S00HB grade steel
exhibited higher mass loss. The hardness-to-mass loss ratio was
found very promising with some of the experimental carbide-free
bainitic steels outperforming the reference martensitic steel.
The high work-hardening capability of the carbide-free bainitic
steels was the main factor resulting in the superior abrasive wear
resistance. The mixture of bainite, martensite, and retained
austenite resulted in the surface with sufficient initial hardness

(2)
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while maintaining the capability for extensive hardening due to
the strain-induced transformation of austenite to martensite.
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