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The objective of this work was to evaluate the influence
of martensite fraction on the wear mode and the energy
dissipation by friction of dual phase (DP) steel tested under
reciprocating sliding conditions. For this purpose, a Ti-Nb
microalloyed steel was heat treated in a conventional furnace
at temperatures between 780 and 880°C (intercritical annealing
temperature) for 3 min to obtain DP microstructures with
volume fractions of martensite between 25 and 90%. Wear
tests were carried out in both DP and as-received samples,
using a reciprocating tribometer with ball-on-flat geometry, at
two constant applied loads, 2.5 and 4 N. The wear damage of
each sample was measured through volume loss and the dis-
sipated energy during the test. The obtained results evidenced
a significant influence of the contact load over the wear mode,
because at low load the DP wear was reduced with increased
hardness but just up to 75% of martensite. At high load,
the sliding process promotes an oxide mixture in the ferritic

microstructure that acts as a factor in wear reduction.
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INTRODUCTION

High-strength low-alloy steels are a family of materials with
interesting properties for many engineering applications. Dual-
phase (DP) steels are part of this family and they essentially
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present a microstructure containing a ferritic matrix and colonies
of martensite that can be promoted by intercritical annealing; that
is, heat treatments at temperatures between Ac; and Acs. This
is widely used to produce a dual-phase microstructure that can
achieve ultimate tensile stress between 600 and 1,000 MPa, but it
also includes combinations of ductility and a high strain harden-
ing coefficient (Rashid (7); Davies (2)). DPS are widely used by
the automotive industry, and its applications have spread to parts
subjected to wear, such as the transport of minerals and agricul-
tural implements (Tyagi, et al. (3)).

According to Sawa and Rigney (4), the wear behavior of DP
steel depends strongly on the shape, size, and distribution of the
martensite colonies. By using a grit paper abrasive against a steel
wheel under high stress abrasion conditions, Modi, et al. (5) have
shown that the wear rate is reduced with increasing martensite
content of the material, but they detected a minimum wear rate
when the martensite content was less than 47%. This is in agree-
ment with Jha, et al. (6), who found that a combination of ferrite
and martensite offers better behavior under abrasive conditions,
rather than coarse martensite.

On the other hand, several researchers (Wayne and Rice (7);
Abouei, et al. (8), (9); Saghafian and Kheirandish (10)) used slid-
ing wear condition tests and concluded that regardless of the level
of the applied load, the wear performance can be improved by
increasing microstructural hardness due to the increase in the
martensite fraction.

It is interesting to note that martensite’s hardness is related
to the carbon content in the austenite, which depends on the
austenitization temperature and should also be related to the
material’s carbon content. Aksoy, et al. (1) have found a sig-
nificant influence of the austenization temperature due to heat
treatment. During this procedure, the carbon content in the
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austenite phase decreases when the austenitization temperature
changes from critical temperature Ac; to Acs. Then, the marten-
site volume proportion increases, but its hardness decreases,
which leads to lower wear resistance.

Many wear studies have been performed on DP steels in
the range of 0.2 wt% C and have been analyzed under several
conditions. The influence of the martensite fraction over the wear
rate is not completely clear, mainly because its contribution to the
tribological performance depends strongly on the heat treatment
parameters and the operating wear mechanism (Tyagi, et al. (3);
Sawa and Rigney (4); Modi, et al. (5); Jha, et al. (6); Wayne and
Rice (7); Abouei, et al. (8), (9); Saghafian and Kheirandish (10);
Aksoy, et al. (11)).

In the present investigation, DP steel was obtained from a fer-
rous alloy with 0.088% carbon content, and attention has been
focused on identifying the influence of the martensite fraction on
the dry reciprocating wear behavior of DP steels obtained from
Ti-Nb microalloyed steel. In order to discuss the wear mecha-
nisms that developed during the tribological process, the rela-
tionship between wear volume and dissipated energy by friction
for ball-on-flat bidirectional sliding contacts were correlated with
those obtained from the bulk microhardness and wear mecha-
nism and debris characterization.

In this study, it has been demonstrated experimentally that,
for sliding reciprocating conditions, at low loads, the dual-phase
wear volume was reduced inversely with the initial microstructure
hardness but only up to 75% of martensite. When a high load was
applied, the ferritic microstructure promoted a stable mixture of
oxides that let the running-in overcome faster, and with lower
wear damage, than the ferritic and martensitic material.

EXPERIMENTAL PROCEDURE
Materials and Methods

For this work, a sheet (made by Brasmetal Waelholzt, Brazil)
with a chemical composition (wt%) of 0.088% C, 0.91% Mn,
0.314% Si, 0.024% P, 0.0072% S, 0.025% Nb, 0.075% Ti, 0.051%
Al and the balance Fe was used.

The critical temperature transformation Ac; and Acs were
evaluated by dilatometry analysis, applying a heating and cool-
ing rate of 15°C/min. Those temperatures were 768 and 890°C,
respectively.

From the as-received material, consisting of a ferrite phase
(BM), different volume fractions of martensite in the ferrite
microstructures were obtained through intercritical annealing.
These heat treatments were made heated at 15°C/min in a con-
ventional furnace to temperatures of 780, 845, 860, and 880°C for
3 min followed by cold water quenching. Then, the volume frac-
tion of martensite of 25% (DP25), 45% (DP45), 75% (DP75),
and 90% (DP90) were quantified by quantitative metallography
according to ASTM E562-08.

The microhardness was evaluated by Vickers at 10 N load on
metallurgically prepared cross sections (Fig. 1). Due to the rolling
process made by the metal producer, the base material shows a
texture. BM samples were cut in normal and longitudinal cross
sections with respect to the rolling direction. Thus, when the slide
of the tribological test is made in the rolling direction, it is called

longitudinal or BMI. In contrast, when the slide is applied in a
perpendicular direction, it is called transversal or BMt.

In order to reveal the microstructure, the surface samples
were at first ground manually using up to 2,000 grit abrasive pa-
per and then polished with 0.5 um of Al,O3 water-based slurries.
Nital 2 reagent (100 mL ethanol and 2 mL nitric acid) was used
for optical microscopy.

Sliding Wear Test

The wear tests were performed by means of a homemade
reciprocating electrodynamic actuator tribometer according to
ASTM G133 with a ball-on-flat geometry contact configuration.

The tests were performed at a frequency of 1.5 Hz with 10-
mm oscillation amplitude for 50,000 continuous cycles. A stan-
dard WC ball (50% W/50% C) with a diameter of 5 mm was used
as counterpart material and it was pressed onto the flat specimen,
either BM or DP, with constant normal applied loads of 2.5 and
4 N. These normal forces were applied by means of a dead weight.

The initial maximun contact stress, pg, was calculated in ac-
cordance with Eq. [1] from Hertz theory (Johnson (12)).

6p (£ 1"
P0=[7T3R2:| , [1]
where
11— 1-3

B R TR 2]
where P is the applied load (N), R is the radius of the ball (mm),
and E;, and v, are the Young’s modulus and Poisson’s ratios
of the flat surface and ball, respectively. In Eq. [2] the following
values were used for the steel: v = 0.3 and E = 200 GPa, and for
the WC the following values were used (Shackleford, et al. (13)):
E =680 GPa and v = 0.24.

Maximum Hertzian contact pressures of 2,600 and 3,040 MPa
were obtained at normal loads of 2.5 and 4 N normal loads,
respectively.

The environment in the contact region was controlled by a
thermostatic temperature chamber at 25 & 2 °C and 35-45% rel-
ative humidity.

Prior to the test, the courterpart ball was cleaned in acetone
in an ultrasonic bath and the flat surfaces were mechanically
ground and polished with SiC 600 grinding paper (with a grain
size around 26 pum) and then cleaned with ethanol.

The roughness (R,) on the polished surface of the specimens
(0.06 & 1-10~* um in the transverse direction and 0.11 £ 2.104
pm in the direction of sliding) was evaluated by means of pro-
filometer measurements by using a Hommel Etamic T500 rough-
ness meter.

After each test, the wear level was quantified through the vol-
ume of material loss, according to ASTM G133-05, and the width
of the wear scar was examined by optical microscopy (OM) in or-
der to determine the final maximum contact stresses. Assuming
that the contact remains circular, this stress is calculated by di-
viding the applied load by the size of the final area. The reported
wear results are the average values of between three and six tests,
and the error bars (Fig. 2) show the standard error.
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(b)

Fig. 1—Top-down OM image of microstructures at 1,000x: (a) BM, (b) DP25, (c) DP45, (d) DP75, and (e) DP90 (color figure available online).

The tribosurface was analyzed by OM and scanning elec-
tronic microscopy (SEM) with a secondary electrons detector.
The tribo-oxides on the worn surface were also microanalyzed
by energy-dispersive spectroscopy (EDS). After the test, the de-

bris was collected and saved between two micro-slide glasses in
order to understand the wear mechanism that developed during
the sliding process.The debris was further investigated via high-
resolution transmission electron microscopy and an analytical
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Fig. 2—Graphic of wear volume as a function of percentage of martensite
for both samples (color figure available online).

EDS technique using a JEOL JEM-2100 at 200 kV accelerating
voltage.

Debris specimens were applied on a 200-mesh Cu grid covered
by a polymer thin film and coated with a carbon foil to prevent
charging.

Estimate of Dissipated Energy by Friction

The mechanical energy of frictional contact is transformed
and can be stored in the tribosystem or dissipated mainly through
three processes: temperature increase, generation of new sur-
faces, and the entropy changes associated with material transfor-
mation at the interface (Ramalho and Miranda (14)).

According to Huq and Celis (15), the wear volume of mate-
rials can be related to the dissipated energy, and the wear slope
versus the dissipated energy curve is useful not only to contrast
the wear resistance of different materials but to compare their
wear resistance in various environmental conditions.

Although there are different approaches for bidirectional slid-
ing ball-on-flat contact conditions, Huq and Celis (15)—(17) used
the concept of cumulative dissipated energy, E,, in order to de-
mostrate that the wear of materials can be associated with the
dissipation of frictional energy in sliding contacts, expressed as
Eq. [3]:

E; = pnPygt, [3]

where ¢ (s) is the duration of the sliding test, u is the coefficient
of friction, P is the applied normal load (N), and vy is the relative
sliding velocity (m/s).

This approach expresses that the energy that is dissipated in
the contact can be calculated as the work of the friction force
but taking into account the timescale over which the energy is
released to the contacting materials.

By numerical simulation, Fouvry, et al. (18) concluded that
most of the energy is assumed to be consumed by thermal dissi-
pation and through third-body transformations.

In this article, for each test the energy dissipated by friction
was estimated with the average value of the friction force calcu-
lated from the acquired friction force data. The friction force was
also registered and fed into a computer via an interface (Vernier
Labquest) as a function of time (1,250 data were saved).

RESULTS
Microstructural Characterization

Figure 1 shows the microstructural features of steel in differ-
ent conditions (Table 1). The BM micrograph (Fig. 1a) shows a
matrix of ferrite (dark) plus a precipitate of globular iron carbide
(dark points) localized into the grains. The size of the ferrite grain
was measured according to ASTM E112-96 as 7.2 &+ 1 um. The
DP steels (Figs. 1b—1e) delineate a network of ferrite (light) plus
martensite (dark). The volume fractions of martensite in DP25,
DP45, DP75, and DP90 steels were 25 + 5%, 45 £ 3%, 75 £ 5%,
and 90 &+ 2%, respectively. Table 1 represents the microhardness
of all samples. It can be observed that the increase in the volume
fraction of martensite has caused an increase in the hardness of
DP steels.

As expected, the hardness results show that the ferrite mi-
crostructure has lower hardness than the DP material (Table 1).
The increase in the volume fraction of martensite has also caused
an increase in the hardness of DP microstructure.

Apart from the obtained microhardness results, a variation in
the values between BM transversal and longitudinal samples is re-
vealed. It is observed that when the martensite volume increased
from 75 to 90%, the microhardness values rose significantly up to
~40%.

Wear Behavior

The obtained results of wear volume and microhardness as a
function of martensite fraction are shown in Fig. 2. Additionally,
the mean contact stresses measured after the test from the wear
scar caused by the wear processes are shown in Table 2. From
this, the BM (ferritic microstructure) presented a similar load-
bearing capacity under both loads applied during the test.

There is also a variation in the wear behavior of the BM
samples, with the relative orientation between the slide and the

TABLE 1—OVERVIEW OF MARTENSITE FRACTION AND VICKERS
MICROHARDNESS VALUES OBTAINED FROM THE
MICROSTRUCTURES TESTED

Intercritical Annealing Martensite MicroVickers

Sample Temperature (°C) (%) HV,
BMt — — 188 + 7
BMI — — 209 +7
DP25 780 2545 221+10
DP45 845 4543 239+5
DP75 862 75+5 260+1
DP90 880 90+2 366+ 30
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TABLE 2—MEAN CONTACT STRESSES MEASURED FROM THE WEAR
SCAR AFTER THE TEST

Sample

BMlI BMt DP25 DP45 DP75 DP9

Test Applied Mean Contact Stress
Cycles Load (N) (MPa)

50,000 2.5 16.7 21.1 190 239 227 17.5
4.0 182 207 132 14.0 15.0 17.2
500 1,100 291 — — —

sheet-rolled directions. In the rolled direction lower wear is re-
vealed, coinciding with an increase in hardness.

Analysis of the images of the worn surface showed different
wear mechanisms. In the BM samples, an influence of microhard-
ness can be inferred. The main wear mechanism developed was
mild oxidative wear (Figs. 3a and 3b).

Although all of the martensite microstructures showed oxida-
tive wear after the test, (Fig. 4a), the typical morphology of de-

Fig. 3—Top-down OM image at 100x of worn surfaces after the test at
2.5 N load: (a) BMI and (b) BMt (color figure available online).

Mag= 200% EMT = 7.00 k¥ Wo= Jmm  Datectsr=SE1 Date260ct2orz  CCT-BB

Fig. 4—Top-down SEM images of wear scar after the test at 2.5 N load:
(a) DP25 at 800x and (b) DP90 at 200x.

lamination were was observed on the worn surface of the DP90
sample. This mechanism is evidenced in Fig. 4b. A mixture of
iron oxides and several laminar metal particles collected from the
DP90-2.5N samples can also be observed in Fig. 5.

On the other hand, there was no evidence of delamination on
the wear scars of the DP45 and DP75 samples.

In comparison with the DP steel samples, a lower volume loss
was measured for the BM samples when a load of 4.0 N was
applied (Fig. 2). Several well-compacted smooth plateaus gener-
ated by oxidative wear were observed on the wear scar surface
(Fig. 6a).

However, in the martensite specimens a reduction of the wear
volume with an increase of the martensite fraction was observed.
The best behavior on the DP samples was achieved for the DP90
specimen. After the test, oxidative damage and incipient laminar
particles appearing by delamination were detected as the main
wear mechanism (Fig. 6b). These mechanisms can be confirmed
from the debris shown in Fig. 7, where reddish brown tribo-oxides
collected after the test from the DP75-4N sample and particles
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Fig. 5—OM image at 500x: debris of DP90 sample tested at 2.5 N. Brown
and black tribo-oxides and laminar particles can be observed
(color figure available online).

Boundary of worn surface

Mag= 201X EHT = 10.00 kv Wo= Mmm Detector= SE1  Date # Jul 2011 CCT-88

Boundary of worn surface

o)

. Mag= 200% EHT = 7,004V WD= 3Tmm  Detector=SE1  Date 2602012 CCT-BB

Fig. 6—Top-down SEM images of wear scar after the test at 4 N load: (a)

BMt at 800x and (b) DP75 at 200x.

Fig. 7—OM image at 500x of debris of DP75 specimen tested at 4 N load.
Brown tribo-oxides and laminar particles can be noticed (color
figure available online).

with metal laminar fragments can be observed. Similar fragments
were found in other DP samples.

Additionally, in the wear scar of the DP25 sample, scratches
due to abrasive wear were observed. Its morphology on the
boundary region of the wear scar is shown in Fig. 8.

The atomic percentage results obtained with EDS-TEM of
the collected debris show that for BM-4N samples only iron and
oxygen were detected with different atomic percentage ratios
(0%/Fe% = 0.7, 1.0, and 0.3). This fact suggests that during the
friction process, ferrous oxides like FeO and a mixture of other
iron oxides were formed.

On the other hand, the analysis of debris from DP25-4N
showed the presence of oxygen, iron, and tungsten (Figs. 9a and
9b) with approximate ratios (at%) of 0.25 O/0.5 Fe/0.25 W. Be-
cause these values do not match any known FeWO phase, we can

& & - -
Oy
= Mag= 801X EHT = 10.00 kv Wo= 16mm Detector= SE1  Date # Jul 2011 CCT-B8

Fig. 8—Top-down SEM image at 800x of the wear scar of the DP25 spec-
imen after the test at 4 N load.
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Fig. 9—TEM image at 2,000x: (a) EDS and (b) debris from the DP25 sam-
ple tested at 4 N load. Peaks of iron, oxygen, and tungsten can
be observed (color figure available online).

also infer the development of oxide mixtures (International Cen-
tre for Diffraction Data (19)).

Energy Dissipated by Friction

The results presented in Fig. 10 show the relationship between
the volume loss and the total energy dissipated by friction. A lin-
ear tendency can be inferred including the BMt and BMI at 2.5
and 4 N loads and the dual-phase material tested at low load.
Moreover, another linear approximation that crosses the first one
is evidenced from DP90 tested at 2.5 N (indicated with an arrow)
and the dual-phase: DP45, 75, and 90. Finally, an upper point on
the right side of the plot corresponds to sample DP25 tested at
4 N load, which shows the highest dissipated energy and has no
correlation with other points in the plot.

On the basis of the remarkable difference in wear behavior
between BMt and DP25 samples tested at 4 N load, we decided
to focus on the study of the running-in process of these samples
and the analysis of its influence on wear process. Thus, after 500
cycles and applying Eq. [3], the energy dissipated by friction was
3.12 and 4.50 J for BMt and DP25, respectively.
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Fig. 10—Wear volume as a function of energy dissipated by friction dur-
ing each test. The arrow shows the point of the DP90-2.5 N
sample (color figure available online).

A micrograph of the worn surface of the BM sample
(Fig. 11a) depicts the development of a well-compacted oxide
layer of ~80 mm width. The SEM-EDS analysis in several spots
of the wear track showed a ratio (at%) of 2:1 O/Fe; that is, the
wear scar evidences a mixture of iron oxides.

On the other hand, the micrograph of the DP25 specimen
(Fig. 11b) exhibits a wider scar (150 wm) with severe damage
by sliding wear and some highly fragmented iron oxides. The
quantitative EDS analysis of differents zones showed only a ra-
tio (at%) of 1:1 O/Fe, which evidences the presence of an FeO
phase.

DISCUSSION
Low Load Test

When a load of 2.5 N was applied, the wear process is mainly
restricted to oxidative wear (Fig. 2), and abrasion with debris
ejection from the contact zone was also observed. Thus, the wear
rate initially decreased with an increase in martensite content up
to 75%.

Moreover, when the material with the highest martensite vol-
ume fraction (90%) was evaluated, the wear increased again. In
this condition, though tribosurfaces with oxidative damage were
observed after several thousand stress cycles near the tribosur-
face, the wear process was controlled by a fatigue wear mech-
anism (Fig. 4b). This phenomenon was corroborated with the
laminar debris that can be observed in Fig. 5.

In the same sense, a comparison between wear and micro-
hardness results seems to have no direct correlation (Fig. 2 and
Table 1). Increasing the microhardness (from 188 to 260 HV)
initially leads to a lower wear volume, due to the resistance
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Fig. 11—Top-down OM image at 200x of the worn surface for samples
tested at 4 N load after 500 cycles: (a) BMt sample and (b) DP25
(color figure available online).

offered by the specimen surface. However, at a higher hardness
level (360 HV), the wear damage increases again, due to brittle
fragmentation of material, which is related to the high amount of
martensite phase.

This performance is similar to the results found by Modi, et al.
(5), who studied high abrasion tests of DP with 0.2 wt% car-
bon. No improvement in wear resistance was observed when the
martensite content increased beyond 39.2% (206 HV) due to the
fact that the abrasive particles (40 um) were comparable to the
size of the major fraction of martensite colonies. In addition, in
tests made with similar steel alloys and test conditions, Jha, et al.
(6) found that both a microstructure with low hardness (155 HV)
and another one with a fully martensitic microstructure (451 HV)
showed an inferior wear response than one with a combination of
ferrite and martensite.

Figure 10 shows two linear relationships between wear vol-
ume and cumulative dissipated energy. According to Huq and
Celis (17), the wear rate can be represented by the slope of
volumetric wear as a function of the dissipated energy plot.

Therefore, the linear correlation implies that the same wear
mechanism is operative (Huq and Celis (16)). Thus, a good agree-
ment can be inferred from the relationships observed in Fig. 10
and the wear mechanisms after the tribological process, which are
shown in Figs. 2-8.

Though the point related to DP 90-2.5N (indicated with an ar-
row in Fig. 10) does not show a higher level of dissipated energy,
it seems to be in direct correlation with the points that correspond
to the DP material tested at 4 N. This condition can be attributed
to the additional development of delamination wear (Figs. 4b
and 5).

High Load Test

When the test load increased to 4 N, the comparative analy-
sis of wear volumes on the martensite fraction shows a different
performance than that at 2.5 N, because the wear process is being
controlled by other wear mechanisms.

In addition, under this load condition the hardness seems to
have no direct correlation with the wear volume (Fig. 2), because
increasing the hardness from 188 HV (ferritic microstructure) to
221 HV (ferrite plus 25% martensite) initially leads to a higher
loss of wear volume. With a further increase in microhardness,
the wear rate decreases due to the resistance of the martensite
phase (Table 1) to abrasive damage. Thus, when a high load was
applied, the best behavior was found with BM, but the perfor-
mance of DP samples is in agreement with the results reported by
Saghafian, et al. [9] from tests made with similar volume fractions
of dual phase. Instead, they had used a POD with a flat end—that
is, a conformal geometry—and carried the tests out with a con-
tact stress that was several times lower than those employed in
the present work.

Because the WC has a high hardness (~2,800 HV) and its
Young’s modulus is three times higher than that of steel, transfer
will be prevented and hardening and agglomeration of the debris
will be produced on the steel surface. Thus, with DP microstruc-
tures, after a short sliding distance, the FeO oxide layer gets re-
moved, increasing surface damage. This type of oxide has intrinsi-
cally lower adherence to metal substrates than other iron oxides
(Sakrani and Sullivan (20)), and this explains the better behav-
ior of BM-4N compared to DP25-4N during the running-in stage
(Figs. 12a and 12b).

The obtained results let us infer that when a load of 4 N was
applied, during the running-in the debris generation from a pli-
ant ferritic microstructure promotes third-body layer formation.
This layer consists of a stable mixture of oxides debris accumu-
lation and is able to protect rubbing between the metal and WC
counterpart. This is in accordance with the energy dissipated by
friction and the load-bearing capacity after 500 cycles measured
between BM and DP25 (Table 2).

Furthermore, in the relationship between wear volume and
the dissipated energy plot (Fig. 10) for DP45, 75, and 90% of
martensite, a linear increase in the wear volume at increasing cu-
mulative friction energy can be noticed; that is, the same wear
mechanisms were operating (oxidative plus delamination wear).
BMt and BMI, by oxidative wear, show the same linear fit with
samples tested at low load.
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Fig. 12—Plot overview with the map of the hypothesized wear mecha-
nisms that developed during the tests.

DP25 samples exhibited the highest wear volume in the
present study (Fig. 2), which could be caused by the development
of a combination of oxidative and abrasion wear.

From the EDS TEM spectrum analysis it was observed that
the DP25 sample debris contained W, which could proceed from
the WC counterpart. As mentioned above, WC has a hardness
of ~2,800 HV and the iron oxides have a hardness of 600-700
HYV (Godfrey (21)). We postulate that the hardness of iron oxide
debris is not enough to promote debris generation by abrasion of
the WC counterface observed in Fig. 9a.

However, taking into account both the presence of FeO on
the wear track, which is formed above 530°C, and the higher dis-
sipated energy, which is higher than in the other DP samples
(Fig. 10), it is possible to infer that there is tungsten oxidation
(it is known that this process begins above 500-600°C; Pierson
(22)). Therefore, the iron debris was oxidized after its genera-
tion, whereas tungsten debris could oxidize in the contact spots.
Thus, mixing and accumulation of W and Fe oxides was facilitated
(Figs. 9a and 9b). When this mixture cools down, it creates other
highly abrasive particles in addition to iron oxides. This height-
ens the abrasion component in the tribosystem, which is consis-
tent with the scratches due to abrasion wear damage observed in
Fig. 8.

The influence of the abrasion component on the global
wear volume of the tribosystem decreases on DP samples,
when microstructural hardness increases. The wear results
and surface images (Figs. 2, 6-8) suggest that, due to the
protection of the hard (martensite) phase, the influence of
the abrasion stage is more significant on the wear volume than
the delamination wear mechanism.

An overview plot of the wear mechanisms observed during the
wear sliding test is shown in Fig. 12.

CONCLUSIONS

On the basis of the results obtained from the study of the influ-
ence of martensite fraction volume on the dry reciprocating be-
havior of Nb-Ti microalloy steel against WC, the following con-
clusions can be drawn:

e Regardless of the applied load, in this kind of contact the
tribological behavior depends on the microstructure features
and the content of ferrite and martensite phases, but no di-
rect correlation between its hardness and the volume loss was
found.

e The wear was compared with the accumulated friction work
dissipated through the interface. The relationships between
both of them gave a linear fit when the same dominating wear
mechanisms were operating.

e The predominant wear mechanisms can be classified into three
categories. For a low wear level oxidative wear was the main
wear mechanism, whereas for medium volume loss, oxidative
wear and fatigue contact were both predominant. Finally, the
higher wear volume level was measured when the mechanism
of wear by oxidation and abrasion became dominant.
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