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THE EFFECT OF HARDNESS OF SLIDING BODIES ON THE
WEAR REGIME TRANSITION OF STEELS®

Cristian C. Viafara®
Amilton Sinatora?

Abstract

This paper aims to investigate the effect of varying the hardness of both sliding
bodies on the operating wear regime. Studying this behavior it is possible to obtain
new insights about the origin of the wear regime transition. Unlubricated sliding wear
tests were performed using a pin-on-disk configuration. The pin and disk materials
were a low alloy and a tool steel, respectively. The friction force was monitored
during the wear tests and the variation of mass loss of bodies as a function of sliding
time was obtained to estimate the steady state wear rate. The characterization of
worn surfaces was carried out using stereoscopy and scanning electron microscopy
(SEM) methods, in addition to surface roughness. The results showed that the
operation of mild and severe wear regimes was influenced by the initial hardness of
materials. At the high pin hardness (hph) conditions, a decrease in the disk hardness
promoted the severe wear regime operation prior to the action of a mild wear regime.
At the low pin hardness (Iph) conditions, a severe wear regime was observed that
with increasing the disk hardness resulted in the wear regime transition from severe
to mild.

Key-words: Wear regime transition; Sliding wear; Severe wear; Mild wear.

EFEITO DA DUREZA DOS CORPOS DESLIZANTES SOBRE A TRANSICAO NO
REGIME DE DESGASTE DOS ACOS

Resumo

Este trabalho visa pesquisar o efeito da variacdo da dureza dos corpos deslizantes
sobre a operacdo dos regimes de desgaste. O estudo deste tdpico permite obter
novas idéias sobre a origem da transicdo no regime de desgaste. Os ensaios de
desgaste por deslizamento a seco foram executadas na configuragao pino-sobre-
disco. Os materiais do pino e do disco foram um aco de baixa liga e um aco
ferramenta, respectivamente. A forga de atrito foi monitorada durante os ensaios de
desgaste e a variacdo das perdas de massa dos corpos em funcdo do tempo
deslizado foram obtidas para estimar a taxa de desgaste nos regimes permanents. A
caracterizacdo das superficies desgastadas foi realizada usando os microscopios
estereoscopico e electrbnico de varredura (SEM), junto com um rugosimetro. Os
resultados evidenciaram que a operacdo dos regimes moderado e severo de
desgaste foi influenciada pela dureza inicial dos materiais. Nas condi¢des de dureza
do pino alta (hph), uma diminuicdo na dureza do disco promoveu a operagcao de um
regime severo antes do regime moderado de desgaste. Nas condi¢cdes de dureza do
pino baixa (Iph), foi observado um regime severo que com o aumento da dureza do
disco resultou na transi¢éo no regime de desgaste para moderado.
Palavras chave: Transicdo no regime de desgaste, Desgaste por deslizamento,
Desgaste severo, Desgaste moderado.
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1 INTRODUCTION

The unlubricated sliding wear of steels frequently involves the action of two main
wear mechanisms: adhesive and oxidative wear.®’ Steady state wear regimes are
promoted by these mechanisms, which are called severe and mild wear as a
consequence of their wear rates produced, respectivele/.(z) A complete
characterization of wear regimes was carried out in the 50s"® and has been
confirmed in more recent works.“® The most interesting and relevant distinction
between both wear regimes is the fact that they exhibit differences in wear rates in as
much as three orders of magnitude.®

Wear regime transitions can be found with a slight variation in any factor of the
tribological conditions such as the normal load, the sliding velocity, the hardness of
bodies, among others. Another kind of wear regime transition is that occurring during
the sliding process, where a transition from severe to mild wear, or vice versa,
appears for a critical sliding time or distance.(” This transition has been observed
with the change of normal load,” the addition of oxide particles®*” and the removal
of wear debris.*® A transition occurring at low values of normal load or sliding
velocity was called T, by Welsh®™ and has been observed by varying the surface
roughness,® the atmospheric temperature,**'® the materials hardness®® and the
relative humidity.®"*®)

In an earlier work we found the T; transition from mild to severe wear when the
hardness of the harder body was diminished.® This result showed that not only the
hardness of the softer body influences the tribological behavior, but too the hardness
of the harder body. In the present paper we study the effect of hardness of both
sliding bodies on wear regime transition of steels.

2 EXPERIMENTAL PROCEDURE

A pin-on-disk configuration was used to conduct the unlubricated sliding wear
tests. Diameters of 76.2 and 4.9 mm were employed for the disk and the pin,
respectively. The pin was pressed against the disk through a pneumatic system with
a normal load of 35 N. A rotation speed of 40 rpm and a radius of track of 25 mm
result in a sliding velocity of 0.1 m/s. A sliding time of 3600 s was sufficient to
guarantee the operation of a steady state wear regime after the running-in period.
The ambient temperature was 26 + 4°C and the relative humidity was 41 + 3 %. The
initial Rq values were of 0.24 + 0.01 um for the pins and 0.53 + 0.08 pm for the disks.
The variation of the friction force was used as an indicative of the running-in and the
steady state wear regime operation. For some test conditions (see Table 1),
interrupted and restarted tests were performed to evaluate the mass loss of bodies
as a function of the sliding time. In this way, an estimate of wear rates was made
from linear regressions of the total mass loss of bodies (pin and disk).

Low alloy (AISI 4140) and tool (AISI H13) steels were employed as pin and disk
materials, respectively. The low alloy steel was used with tempered martensite and
bainite microstructures, which result in two levels of pin hardness. A tempered
martensite microstructure was obtained in the tool steel, acquired by quenching and
tempering treatments. Six levels of disk hardness were achieved by varying time and
temperature of the tempering treatment. Two sets of tests were performed, where
three levels of disk hardness were tested by each condition of pin hardness. The
values of hardness of bodies together with test conditions are listed in Table 1. The
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test condition name consists in the acronym of the low and high pin hardness (Iph
and hph), together with the value of the disk hardness to pin hardness ratio.

Table 1. Values of hardness of sliding bodies and test conditions

Pin hardness Disk Hardness Test condition
[HV] [HV]
356+5 Iphl.1*
318 £ 16 387+3 Iphl.2*
424 + 4 Iphl.3
460 £ 5 hph1.1*
436 +7 510+ 7 hph1.2*
569 + 4 hph1.3

* Interrupted and restarted tests were performed in these conditions.

The worn surfaces were characterized by means of surface roughness,
stereoscopy and scanning electron microscopy (SEM) techniques. Ry values and
roughness profiles were obtained for comparative purposes. The pins worn surfaces
were selected for the characterization due to their better representation of the wear
behavior of the tribological system.

3 RESULTS
3.1Low Pin Hardness

Figure 1(a) presents the curves of friction force as a function of sliding time for the
Iph1.1 condition. The curves exhibit running-in and steady state regime periods. The
duration of running-in period was always lower than 300 s.9 After the running-in
period, a steady state regime in friction was obtained, where the mean value was
close to 25 N. It can be also noted that a high variation of friction force was produced,
which could be seen as an indicative of the strong asperities interaction during the
sliding process and suggests the presence of the stick-slip phenomena.

Figure 1(b) presents the variation of mass loss of bodies with the sliding time for
the Iph1.1 condition. This graph shows that both replicas exhibit a similar behavior,
with mass loss of pins and disks being approximately the same. The mass loss
behavior suggests that a steady state wear regime occurred for this condition, as
observed in the friction force results. A mean value of wear rate was estimated from
the linear regression of the total mass loss (pin and disk) for each replica. The wear
rate results will be commented in the discussion section. The mass loss results
agreed with those of friction, where an only steady state regime was observed.

ISSN 2179-3956

140

2

e
J = g
ogy — TriboBr-2080 and =
Sympasium af 2FTo kb 7 3 —
- kT



24" 1o 26' november, 2010

First

5

TriboB -

Inkematanal B

IFTofAP G014 = = Intan

Copacabana, Rio de Janeiro/RJ, Brazil

TN LOndenen o O CHH O |einl U a

-
T Tribology — TrikoBr-2080 and - ; I /r
national Tribokgy Sympasium of FTokih iy,

= ek, T

40 - . 800
—_— A
—ii
I iii | A
30 4 il I I 600 |
| ” , | _ A
g ‘ d B ‘ E’
] ; ‘ | ; [ ]
=} ] P @ 400 A
2 204 r 8
c [ 4 u
w 200 4 A :
104 8
g A
. . |
J . »
0 T T T !
0 1000 2000 3000 4000
0 T T T ) Sliding time (s)
0 1000 2000 3000 4000 ® pin B disk_i A total
Sliding time (s) ® pin_ii m disk_ii A total_ii
(@) (b)

Figure 1. Friction force (a) mass loss (b) as a function of the sliding time for the Iph1.1 condition.

The curves of the friction force for the Iphl.2 condition are showed in Figure 2(a).
After the running-in period, it can be seen a first steady state regime which was the
same acting during the entire test for the Iphl.1 condition, with a mean value of
friction force between 20 and 25 N. In sliding times between 2200 e 2500 s, a second
steady state regime begins to operate, exhibiting a lower value and variation in the
friction force. The mean value of friction force varied between 15 and 20 N. The lower
variation in the friction force, in comparison with the first steady state regime,
suggests a weaker interaction between the surface asperities. An increase in the disk
hardness, from Iph1.1 to Iph1.2 condition, results in the presence of a second steady
state regime.

In Figure 2(b) it can be seen the evolution of mass loss of bodies as a function of
the sliding time. In spite of the differences between the mass losses of replicas, two
periods of wear behavior can be noted. In the first one, an initially high wear rate is
observed, in particular for the pins. On the other hand, a second period appears after
2400 s, in which the wear rate of sliding bodies is lower. In other words, the wear
behavior represents the friction regime transition observed in Erro! Fonte de
referéncia ndo encontrada.. The increase in the disk hardness resulted in a wear
regime transition, possibly from severe to mild wear.

40 o 360
—_— A
= A
—ii A
iii
30 -
240 -
= | 3 Ir Ho | £
= E A
S 204 = A L ]
& &
'% = 120 :
£2 - n |
i A
104 ) o - ] L]
A ]
' | |
0 T T T T T T T 1
0 1000 2000 3000 4000
0 T T T ] Sliding time (s)
0 1000 2000 3000 4000 ® pini m disk_i A total i
Sliding time (s) ® pin_ii m disk_ii A total_ii
() (b)

Figure 2. Friction force (a) mass loss (b) as a function of the sliding time for the Iph1.2 condition.
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Figure 3 shows the curves of friction force for the Iph1.3 condition. This condition
exhibits also a transition in the steady state regime. With the increase of the disk
hardness (Iphl1l.3 condition), it was promoted a lower number and magnitude of
friction force peaks in the first steady state. On the other hand, the critical sliding time
for transition diminished, exhibiting values between 1540 e 1800 s. This result
suggests that a transition in the steady state regime was accelerated by an additional
increase of the disk hardness, from Iph1.2 to Iph1.3 condition.

3.2 High Pin Hardness

Figure 4(a) presents the curves of friction force as a function of sliding time for the
hphl.1 condition. In this condition, a first steady state regime appears after the
running-in period, in which the friction force remains approximately constant (20 N)
until sliding times between 700 and 800 s. At these sliding times, the friction force
rapidly falls to values close to 18 N. In this way, a transition from a first to a second
steady state regime occurs. As observed with the Iph1.2 and Iph1.3 conditions, the
transition becomes evident by a decrease in the value and variation of the friction
force.
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Figure 3. Friction force for the Iph1.3 condition.

Figure 4(b) presents the mass loss variation of the sliding bodies with the sliding
time for the hphl.1 condition. An equivalent behavior was achieved for both replicas
in terms of curve inclination. The differences in the mass loss for each replica could
be a consequence of the unpredictable running-in periods. A first wear regime is
observed with high wear rate, which was present until sliding times between 1200
and 1800 s. After the sliding time for transition, a lower wear rate was found. This
result agrees with the friction force curves, where a steady state transition occurs in
sliding times between 600 and 900 s. A higher sliding time for transition in the mass
loss results could be associated to the fact of interrupted tests involve new running-in
periods every time that a sliding test was restarted. These running-in periods could
change considerably the wear process of surfaces in comparison with the
uninterrupted tests.
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Figure 4. Friction force (a) mass loss (b) as a function of the sliding time for the hph1.1 condition.

The curves of the friction force for the hph1.2 condition are showed in Figure 5(a).
In this case, after the running-in period, the friction force initially exhibits an
increasing behavior until that a maximum value is achieved. In sliding times between
600 and 800 s, the friction force rapidly diminishes and remains approximately
constant and close to 20 N. The latter behavior indicates the operation of a steady
state regime, which corresponds to the second steady state regime observed in the
hphl.1 condition. This means that an increase of the disk hardness leads to inhibit
the first steady state regime, which was found for the hph1.1 condition.

The mass loss of sliding bodies as a function of the sliding time for the hphl.2
condition is shown in Figure 5(b). This condition exhibited a similar behavior to the
hphl.1 condition, with a wear regime transition from a high to a low wear rate value.
However, the sliding time for transition was between 900 and 1200 s for this
condition. Then, an increase in the disk hardness accelerated the transition from
severe to mild wear, as observed in the friction force curves of Figure 5(a).
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Figure 5. Friction force (a) mass loss (b) as a function of the sliding time for the hph1.2 condition.

Figure 6 shows the curves of friction force for the hph1.3 condition. This condition
exhibits a similar behavior to the hphl.2 condition, with a peak of the friction force
being immediately achieved after the running-in period. As observed in the hphl.2
condition, the friction force abruptly diminishes to remain approximately constant
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(17 N). In this way, a mild wear regime predominantly acted during the entire test.
This condition can be seen as the opposite behavior of the Iphl.1condition, where

only a severe wear regime with a high value and variation of friction force was
observed.
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Figure 6. Friction force for the hph1.3 condition.

3.3 Worn Surfaces Characterization

Figure 7 shows the images of pin worn surfaces for the Iph1.1 (a) and the hphl1.3
(b) conditions, which represent the surface characteristics of the severe and mild
wear regimes, respectively. The pin surface for the Iph1.1 condition presents a bright
appearance, together with plastic deformation traces as can be observed at the
surface edges. This result suggests that a dominant wear mechanism of adhesion
and plastic deformation took place for this condition. On the contrary, the pin surface
of the hphl.3 condition exhibits oxidation regions, without considerable traces of
plastic deformation.

(b)
Figure 7. Images of pins worn surfaces for the Iph1.1 (a) and the hph1.3 (b) conditions.

The SEM images of pins worn surfaces in secondary electrons and
backscattered electrons modes for the Iphl.1 (a and b) and the hphl.3 (c and d)
conditions are displayed in Figure 8. The images for the Iph1.1 condition present
adhesion and plastic deformation traces in the secondary electrons mode (a), but no
presence of oxides was identified in backscatter electrons mode (b). On the other
hand, an absence of plastic deformation can be noted for the hphl1.3 condition (c),
and a presence of a preferably chemically different regions is observed (probably
oxides) in the backscattered electrons mode image (d).
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The roughness profiles of pins worn surfaces for the Iphl.1 (a) and the hphl.3
(b) conditions are displayed in Figure 9. For the Iphl.1lcondition, it can be seen a
roughness profile with high peaks and low valleys, as confirmed by the Ry value. A
smoother surface was obtained for the hph1.3 condition, with a lower value of Rq.
This result confirms that rougher surfaces are produced by the adhesive wear
mechanism in comparison with the oxidative wear mechanism.

4 DISCUSSION
4.1 Low and High Pin Hardness Conditions

A summary of the friction and wear results for all test conditions are shown in
Table 2. Initially, the sliding times for wear regime transition (tyans) are listed, which
were estimated from the friction force curves. The mean values of friction force (Fs
and Fr) and wear rate (w; and w,) estimated for the first and second wear regimes
are also listed. Initially, it must be analyzed the low pin hardness conditions. For the
lowest disk hardness condition (Iph1.1), an only steady state regime was observed
and it was the severe wear regime. The values for the friction force and the wear rate
were only listed for the first wear regime and they were the highest values achieved
between all test conditions. This can be explained by the action of the dominant
adhesive wear mechanism, as revealed by the image and the roughness profile of
the pin worn surface. With the increase of the disk hardness (Iphl.2 condition), a
wear regime transition is achieved from severe to mild wear. The sliding times for
transition were between 2220 and 2460 s. The transition was characterized by the
diminution of the value and variation (standard deviation) of friction force. The mean
value of wear rate (19.7 10 mg/s) for the mild regime was an order of magnitude
lower than the wear rate (219.9 10 mg/s) for the Iph1.1 condition. A similar behavior
to the Iphl.2 condition was found with an increase of the disk hardness (Iphl.3
condition), where a wear regime transition was also observed. In this case, the
values of the sliding times for transition and of the friction forces in the two wear
regimes decreased. In other words, an increase of the disk hardness accelerated the
wear regime transition for lower sliding times.
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Figure 8. SEM Images of pin worn surfaces in secondary electrons and backscattered electrons
modes for the Iph1.1 (a and b) and the hph1.3 (c and d) conditions, respectively.
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Figure 9. Roughness profiles of pins worn surfaces for the Iph1.1 (a) and the hph1.3 (b) conditions.

Table 2. Friction and wear results for all test conditions

Test condition tirans [S] Ff, [N] Ff, [N] w; [10° mg/s]  w, [10” mg/s]
Iph1.1 - 245+ 1.4 - 219.9+6.3 -
Iph1.2 2220-2460 21.9+1.2 18.6+0.6 - 19.7+5.4
Iph1.3 1540-1800 20 +1.2 16 + 0.7 - -
hph1.1 650-750  19.6+0.4 18.2+0.2 - 1.2+0.1
hph1.2 550-650 22+12 19.6+0.6 - 3.2+23
hph1.3 - - 16.4+ 0.5 - -

For the conditions of the high pin hardness, an equivalent behavior to the low pin
hardness conditions was observed. Initially, with the lowest disk hardness (hphl.1
condition) a wear regime transition was found. The sliding times for transition were
between 650 and 750 s and a decrease in the value of friction force was obtained
after transition. The mean value of wear rate (1.2 10 mg/s) for the mild wear regime
was two orders of magnitude lower than that of the severe wear regime of the Iph1.1
condition. An acceleration of the wear regime transition was promoted with the
increase of the disk hardness (hphl.2 condition), where lower sliding times for
transition were found (550 to 650 s). Finally, an only steady state regime was
observed for the hphl.3 condition, where the severe wear regime was totally
inhibited and only the mild wear regime operated. The image and roughness profile
of the pin worn surface for this condition showed that probably an oxidative wear
mechanism was responsible for the low wear rate of the sliding bodies.
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4.2 Wear Regimes Characterization

The friction and wear results, together with the worn surfaces analysis, evidenced
the operation of two different wear mechanisms: oxidative and adhesive wear. The
action of these mechanisms promoted the mild and severe wear regimes,
respectively. The characterization of both wear regimes was made in terms of friction,
wear and appearance and roughness of worn surfaces.

The friction force curves constitute a first aspect to analyze the wear regimes
operation. Taking as reference the test conditions where an only wear regime
predominantly acted, Iphl.1 and hph1.3 conditions, it can be seen that friction force
values were different. The mild wear regime exhibited mean values below 20 N (s ~
0.6) and a value near to 24 N (us ~ 0.7) was produced with the severe wear regime.
This result agrees with previous investigations of Archard and Hirst," who comment
the little variation in the friction coefficient in spite of the change of some orders of
magnitude in wear rate obtained with the wear regime transition. The results also
agree with the maps of friction regimes proposed by Blau®® and Bhushan,®” where
higher values of friction coefficient are associated to the regime dominated by plastic
deformation (severe wear) in comparison with the elastic contact regime (mild wear).

In relation to the friction force variation, standard deviations of 0.2 and 1.4 N were
found for the mild and severe wear regimes, respectively. This behavior suggests
that friction force variation is related with the magnitude of surface asperities
interaction, where a higher magnitude is a consequence of plastic deformation and
adhesion between sliding surfaces.*® Another interpretation of friction force variation
could be given by the stick-slip phenomena,®” where friction peaks are caused by
adhesion joints formation that are later broken by the sliding of surfaces.

The characterization of worn surfaces confirmed the wear regime operation. For
the severe wear regime, a metal-metal contact with adhesion and plastic deformation
traces was found in the stereoscopy and SEM images. The mild wear regime was
characterized by worn surfaces exhibiting probably oxides formation, which prevents
the metallic contact between surfaces. This was verified by comparing the SEM
micrographs in secondary and backscattered electron modes. In the same way,
rougher surfaces were obtained with the adhesive wear mechanism in comparison
with the smooth surfaces found for the oxidative wear mechanism. Measured Rq
values seem to support this behavior. This wear regimes characterization agrees with
that found in the classical works of Archard and Hirst,®™ Hirst and Lancaster,®
Welsh® and in more recent works of Goto and Amamoto™ and Viafara et al.®

4.3 Wear Regime Transitions

The wear regime transitions observed in the present results were those depending
of one of the factor of the tribological system, the hardness of the sliding bodies, and
of the sliding time. Initially, it can be analyzed the effect of the hardness of both
sliding bodies. For this, a scheme based on the transitions map of Welsh®™® was
made, where the normal load applied (35 N) was assumed as being the T; critical
transition load. This scheme is displayed in Fig. 10 and shows how with the decrease
of the hardness of disk, from hphl1.2 to hphl.1 condition, and of the pin, from Iph to
hph conditions, the severe wear regime was promoted. Similar results were obtained
by Welsh,**1® who used the same steel and hardness for both sliding bodies. This a
very interesting result since the abrupt change in wear rate of sliding bodies was
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achieved with a slight decrease of 27% of the pin hardness (from 436 to 318 HV) and
of 23% of the disk hardness (from 460 to 356 HV).
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Figure 10. Scheme of the T, transition with the wear rates of the test conditions.

At the low pin hardness conditions, the transition from severe to mild wear regime
with the increase of the disk hardness was still more critic. Even though the wear
regime transition appeared in two thirds of the total sliding time, the mild wear regime
was finally established. Then, with an increment of 9 % of the disk hardness (from
387 to 356 HV), a decrease in two orders of magnitude was achieved in wear rate of
sliding bodies. The variation of wear rate as a function of the disk hardness for the
low pin hardness conditions is shown in Figure 11(a). In this figure it can be seen that
a decrease of the disk hardness results in a wear regime transition from mild to
severe wear. There has been some works in which the effect of the harder sliding
body on wear behavior was also studied.**? However, in these investigations there
was not mention to the influence of the harder sliding body on wear regime
transitions.

The wear regime transition in a critical sliding time must be also discussed. The
variation of the sliding time for the severe/mild transition with the disk hardness can
be seen in Figure 11(b). This figure shows that a decrease in the disk hardness
increased the sliding time of the severe wear regime operation before of the mild
wear regime being established. Previous works have been shown the variation of the
critical sliding time for transition with some factors of the tribological system.?
Present results show that a slight variation of the hardness of the harder sliding body
can dislocate the wear regime transition to lower or higher sliding times, which could
be considerable during the performance of mechanical components.
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Figure 11. Variation of wear rate with the disk hardness for the low pin hardness conditions (a) and of
the sliding time for severe/mild transition with the disk hardness (b).
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The wear regime transitions being promoted by the variation of the disk hardness
(the harder sliding body) is an outstanding result since main wear theories assume
that only the material hardness of the softer body influences the wear behavior of the
tribological system. In this work, it has been shown that a variation of the hardness of
the harder can result in a wear regime transition, where a change of two orders of
magnitude in wear rate is achieved. This noteworthy behavior could be seen as
motivation to advance in better understand the origin of the sliding wear regime
transitions of steels. A more detailed analysis of the present results will be made out
in a future paper.®?

5 CONCLUSIONS

For the unlubricated sliding tests of pins of a low alloy steel against disks of a tool
steel, wear regime transitions were obtained with the variation of the hardness of
both sliding bodies. Higher values and variation of the friction force were found for
the severe wear regime in comparison with the mild wear regime. The wear rates
between both wear regimes differed by about two orders of magnitude. The mild
wear regime was characterized by the oxides formation at the sliding surfaces,
resulting in a dark smooth surface and a low value of Rq. On the other hand, a bright
and rougher surface with adhesive and plastic deformation traces and a high value of
Ry was obtained for the severe wear regime.

The wear regime transitions with the variation of the tribological conditions
(hardness of sliding bodies) and of the sliding time were observed. A wear regime
transition from mild to severe wear was found when the hardness of both disk and
pin hardness were diminished. In the second kind of transition, for each condition of
pin hardness, the decrease of the disk hardness results in the increase of the sliding
time for transition, in which the severe wear operated before the mild wear being
established. The effect of the hardness of the harder body is a result to highlight
since the hardness of the softer body has been taken for a long time ago as the only
property of sliding bodies to be considered to predict the wear behavior of the
tribological system.
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