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Abstract Under atmospheric conditions at 400 �C, we

studied the wear mechanism of H21 steel with different

tempering states as a function of normal load. Typical

oxidative wear was identified by X-ray diffraction patterns

with predominant tribo-oxides of Fe3O4 and Fe2O3. Under

loads of 50–100 N, mild oxidative wear prevailed for all

samples, such that the wear losses of H21 steel with various

tempering states showed no significant differences with

characteristics of a slight plastic deformation of the sub-

strate and single-layer oxide. In this case, the wear rate was

lower, and the tribo-oxide was decisive factor in deter-

mining wear rate. Under loads of 150–200 N, the transition

of mild wear to severe wear occurred in H21 steel and was

characterized by: (1) a significant difference of wear losses

for steel with various tempering states; (2) wear loss that

started to increase faster and reached a relatively high

level; (3) the appearance of significant plastic deformation

in the oxide underneath the substrate and multi-layer tribo-

oxide. Under a load of 200 N for the steel tempered at

700 �C, plastic extrusion prevailed with a mixed metal-

oxide layer.

Keywords Iron � Oxidative wear � Oxides � SEM �
Wear mechanisms

1 Introduction

H21 steel is mainly used in hot-working dies. It is well

known that wear resulting from elevated temperatures is

one of the failure patterns for hot-working dies [1, 2].

However, the oxidation of steels inevitably occurs due to

the various applications that are carried out in an elevated-

temperature atmospheric condition. Oxidative wear should

be a predominant wear mechanism for most of engineering

parts [1–4] that work under a higher sliding speed or higher

ambient temperature. Thus, studies on oxidative wear

behavior and the wear mechanism of steels have significant

implications in the engineering world. However, to date,

there is a scarcity of published research on the oxidative

wear of H21 steel [4].

The oxidation process and its link to the wear of the

steels was first reported by Fink in 1930 [5]. In 1956, Ar-

chard and Hirst reported the close relation between oxide

layer and wear, whereby the classification of mild wear and

severe wear was made [6]. Thereafter, systematic studies

on oxidative wear were carried out. The formation of oxide

on the metal surface during wear under atmospheric con-

ditions prevents metal–metal adhesion, thus reducing the

wear rate; this type of wear is consequently termed as

oxidative wear or mild oxidative wear [7, 8].

Over the last 50 years, oxidative wear had been inten-

sively studied. Most of the developments in this field have

originated from the work of Quinn, who proposed the mild

oxidative wear model [7–10]. In this wear regime, flash

heating causes oxidation at contact points. As the oxide

thickens until it reaches a critical thickness, it delaminates.

In the regime of mild oxidative wear, the bulk heating is

negligible and must be confined to the asperity tips.

However, as service conditions vary, the mild oxidative

wear cannot be sustained because the substrate is softened
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to a degree that it does not support tribo-oxide. In this case,

the wear rate would increase, with a subsequent transition

of mild wear to severe wear. This regime of oxidative wear

has not been intensively investigated.

The purpose of this letter is to clarify the wear mecha-

nism for the transition region of mild wear to severe wear

in oxidative wear. H21 steel was used as the substrate for

elevated-temperature tests at 400 �C. The wear mechanism

of H21 steel with different tempering states was studied as

a function of normal load. We also discuss wear mecha-

nisms based on our analysis of section morphology and

phase of worn surface as well as publications in this field.

2 Experimental Details

The wear tests were performed on a uni-directional pin-on-

disk high-temperature wear tester (MG-200 type). The pin

samples with dimensions of U6 9 12 mm2 were made from

commercial H21 steel, which was austenitized at 1150 �C,

oil quenched, and finally tempered at 200, 440, 550, 600,

650, and 700 �C, respectively. The same test parameters

were used for all samples: 50, 100, 150 and 200 N for normal

load; 1 ms-1 for sliding speed; 1.2 9 103 m for sliding

distance. Disks were made from commercial D2 steel, 58

HRC with dimensions of U70 9 8 mm2.

All data on wear were measured from the pin samples.

Prior to the tests, the pins and disks were polished and

degreased. The pin samples were cleaned with acetone and

dried before and after the test and then weighed for wear

loss using a balance with an accuracy of 0.01 mg.

The section morphology and phase of worn surface were

analyzed with AMRA-1000B type scanning electron

microscope (SEM) and D/Max-2500/pc type X-ray dif-

fractometer (XRD), respectively. The hardness was

measured using a HR-150A type Rockwell apparatus.

3 Results and Analysis

In order to clarify the wear mechanism of oxidative wear,

we carried out dry sliding wear tests at 400 �C on H21

steels with different heat treatment (tempering) states under

atmospheric conditions. The H21 steel samples presented a

hardness of 55, 53, 52, 50, 36, and 27 HRC, respectively,

following austenitization at 1150 �C and subsequent tem-

pering at 200, 440, 550, 600, 650, and 700 �C, respectively.

It is clear that the hardness or strength decreased with

increasing tempering temperature. Thus, we were able to

demonstrate that the H21 steel samples had different

strengths under various loads.

The XRD patterns of worn surfaces are shown in Fig. 1.

The wear under atmospheric conditions at 400 �C is the

typical oxidative wear, with Fe3O4 and Fe2O3 the pre-

dominating oxides on the worn surfaces. Wear losses under

different loads of H21 steels with different tempering

temperatures are shown in Fig. 2. It is clear that under

loads of less than 150 N, there is no significant difference

among the wear losses of H21 steel with different

strengths. As the load surpasses 150 N, the various tem-

pered samples can be seen to start exhibiting significant

differences in terms of wear losses.

Under loads of 50–100 N, wear loss remained low for

all of the steel samples irrespective of tempering temper-

ature; this can be classified as mild oxidative wear. With

increasing loads to 150–200 N, wear loss started to

increase rapidly, reaching a relatively high level for some

Fig. 1 The X-ray diffraction (XRD) patterns of worn surfaces of H21

steel tempered at 200, 440, 550, 600, 650, and 700 �C, respectively,

under a load of 150 N

20

40

60

80

100

120

140

160

180

200

220

240

260

   200      150      100      50   

W
ea

r 
lo

ss
(m

g)

Load(N)

 200
 440
 550
 600
 650
 700

Fig. 2 Wear loss as a function of loads for H21 steel tempered at

200, 440, 550, 600, 650, and 700 �C, respectively
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tempered samples. We can consider that the transition of

mild wear to severe wear occurred under loads of 150–

200 N. Under a load of 200 N, the steel tempered at

700 �C reached the highest wear loss, which can be clas-

sified as severe wear.

Figure 3 shows the section morphology of the worn

surface for different tempered samples as a function of

load. In cases of mild oxidative wear, plastic deformation

of the oxide underneath the substrate is small, with a sin-

gle-layer oxide (Fig. 3a–c, e, f). In the transition region of

mild oxidative wear to severe wear, plastic deformation of

the substrate has increased, accompanied with a multi-layer

oxide formed on the worn surface (Fig. 3d, g). Under a

load of 200 N, H21 steel tempered at 700 �C presents

severe wear with the highest wear loss. In this case, the

substrate has softened to such an extent that plastic flow

Fig. 3 Section morphology of

worn surface for H21 steel

tempered at 200 �C under loads

of 50 N (a), 100 N (b), 150 N

(c), 200 N (d) and tempered at

700 �C under loads of 50 N (e),

100 N (f), 150 N (g), 200 N (h)
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occurs with massive plastic deformation. The mixed metal-

oxide layer is formed on the worn surface, as shown in

Fig. 3h. It is clear that as a high normal load is applied on

the soft matrix, tribo-oxide is mechanically mixed with the

matrix by friction force to form the mixed metal-oxide

layer. Figure 4 shows the energy dispersive X-ray spec-

trometer (EDS) line scanning analysis results for multi-

layer oxide and mixed metal-oxide layer on worn surfaces.

We have focused on the transition of the oxidative wear

mechanism with respect to the wear characteristics for H21

steel with different tempering states. Under loads of 50–

100 N, due to the relatively lower loads, the steel tempered

at various temperatures will have enough strength to sup-

port tribo-oxide during wear. The friction force cannot

cause significant plastic deformation in the substrate. In

this case, wear behavior and wear loss mainly depend on

the existence of the oxide layer. Mild oxidative wear can be

sustained with lower wear loss. We observed that the wear

loss of steel is slightly affected by substrate microstructure.

Consequently, specimens with different strengths did not

show significantly different wear losses.

As higher loads of 150–200 N were applied, H21 steel

with different tempering states began to present significant

differences in terms of wear loss. In most cases, the steel

was unable to support tribo-oxide with significant plastic

deformation of the substrate because of a relatively lower

strength. As a result, the delamination of the oxide layer

was accelerated, with the result that the wear rate

increased. It is known that significant plastic deformation

of the substrate would result in delamination of the sub-

strate at the interface of the secondary phases with the

matrix [11]. In this case, wear rate would be further

increased. This wear is also associated with oxidative wear

but is situated in the transition region from mild wear to

severe wear. We call it the transition from mild wear to

severe wear in oxidative wear.

Despite the high hardness of the sample tempered at

200 �C, its lower microstructural stability leads to large

volume variation of steel because of a further tempering

during wear. This would increase the internal force at the

interface of the oxide and matrix, thus accelerating the

delamination of tribo-oxide. It can be suggested that both

strength and microstructural stability of steel are needed for

wear resistance.

4 Discussion

Oxidative wear has been widely studied as mild oxidative

wear, and Quinn and Wilson et al. proposed mild oxidative

wear models [7–10]. However, oxidative wear and mild

oxidative wear are different processes, even though they

have been seldom clearly distinguished in published

articles. In much of the published research, so-called oxi-

dative wear is not mild oxidative wear, but extends totally

or partly beyond mild oxidative wear. In this case, the wear

mechanism is different from that of mild oxidative wear. If

the wear mechanism is not confirmed to be that of mild

oxidative wear, then a great deal of confusion would exist

among the research on oxidative wear. For example, a

significant variation of wear loss caused by the micro-

structures of the substrate is clearly against the

fundamental views on mild oxidative wear [12].

The wear beyond mild oxidative wear is caused by

severe service conditions, such as a higher load, sliding

speed, and ambient temperature. Although the wear is also

called oxidative wear, the wear mechanism has changed.

The wear mechanism for the oxidative wear has not been

clarified to date, although intuitively it appears to be jointly

controlled by oxide layer and matrix.

Y. Wang et al. studied the wear behavior of 1080 steel

samples with different microstructures under various test-

ing conditions [13]. They found that three dominant wear

mechanisms appear in succession with increasing normal

load and/or speed during unlubricated sliding. In the case

of oxidation-dominated mild wear, no obvious differences

in wear loss were found for the various microstructures.

However, considerable differences in the wear loss were

observed in the condition of severe wear characterized by

adhesion and delamination. This is similar to our experi-

mental results, with the difference being that the former

researchers did not consider that there is a transitional

region from oxidation-dominated mild wear to severe wear.

E. Marui et al. studied the wear characteristics of

hypereutectoid steel from room temperature to 400 �C [14].

They pointed out that iron oxide film is not main factor in

determining the wear behavior of hypereutectoid steel under

severe conditions. Wear behavior is strongly affected by the

hardness reduction and microstructural variation at high

temperature. It is clear that under severe conditions (196 N)

the wear mechanism is not oxidation-dominant mild wear,

but a transition region of mild wear to severe wear.

H. So et al. systematically studied oxidative wear

mechanism of steels [10]. They pointed out that there are

three wear mechanisms. Under small normal pressure and

sliding speed, adhesive and abrasive wear prevail. As

higher normal pressure and sliding speed are applied,

plastic extrusion appears, which belongs to severe wear. In

between these two extremes, the wear mechanism falls in

the regime of mild oxidative wear (called oxidational wear

in the original paper).

In H. So’s research on the wear of steel at room tem-

perature, the transition region in oxidative wear and the

function of substrate were also not mentioned. Mild oxi-

dative wear was changed into plastic flow with increasing

load and sliding speed. It would seem that under such
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conditions, mild oxidative wear immediately becomes

severe wear. It was also reported that under the severe wear

condition there are oxide films created on the rubbing

surfaces and that the wear rate is not affected by the for-

mation of oxides. However, the relation between plastic

deformation-dominated wear and oxidative wear was not

clearly clarified [10].

During elevated-temperature wear, mild oxidative wear

is sustained when the substrate materials have enough

strength to prevent plastic shearing. If the oxide underneath

the substrate is softened and undergoes massive plastic

shearing, severe wear is expected to occur. Due to a high

rubbing speed or high ambient temperature, a high bulk

temperature would decrease the yield strength of the

materials and lead to variations in wear mechanisms. H. So

found that when the apparent contact pressure is higher

than 5 MPa, the wear will turn out to be a severe condition

for most steels [10].

Some of the above views are different from our obser-

vations and results. The influence of substrate on oxidative

wear results from partial or total variation of the wear

mechanisms. Because the functions of the substrate change

gradually as service conditions vary, the transition of mild

oxidative wear to severe wear does not occur immediately.

In other words, in the transition region, the wear mecha-

nism gradually turns from elasticity-dominant wear (oxide-

dominant) to plasticity-dominant wear (plastic flow). As

slight deformation of the substrate appears, wear behavior

approximately conforms to mild oxidative wear because, in

this case, the function of the substrate is small. As the

deformation of the substrate increases, wear starts to go

beyond mild oxidative wear. However, in this case, wear is

not yet plasticity-dominant wear. Instead, we call this

oxidative wear as the transition region of mild wear to

severe wear. In the transition region, oxide and substrate

are both determinant.

In mild oxidative wear, plastic deformation of the sub-

strate is small. Oxidation would preferentially occur on

worn surfaces and, therefore, single-layer oxide appears. In

the transition region of mild wear to severe wear, signifi-

cant plastic deformation of the substrate would accelerate

the diffusion of oxygen ion and the cause appearance of

cracks, which would directly connect to the worn surface

because of the delamination of the oxide. In this case,

oxidation would occur not only on the worn surface but

also in the substrate by diffusion of oxygen and direct

contacting with oxygen through cracks in the plastically

deformed matrix. Consequently, double-layer or multi-

layer oxide appears. For the steel tempered at 700 �C,

because of extremely lower strength, plastic flow occurs

during wear. Massive plastic deformation leads to not only

multi-layer oxide but also to mechanical mixing between

the substrate and oxide. As a result, the mixed metal-oxide

layer is formed from the worn surface to some distance of

the substrate. The transition of wear mechanisms and wear

characteristics are summarized in Table 1.

Fig. 4 Energy dispersive X-ray

spectrometer line scanning

analysis for multi-layer oxide

(a) and mixed metal-oxide layer

(b) on worn surfaces

Table 1 Transition of wear mechanisms and characteristics for H21 steel

Wear definition Oxidative wear Plastic flow

Deformation extent

of substrate

Total elastic or a bit of plastic

deformation

Significantly plastic deformation Massive plastic

deformation

Wear mechanism Mild oxidative wear Transition of mild wear

to severe wear

Plastic extrusion

Predominant factor Tribo-oxide Oxide and substrate Substrate

Division of wear Elasticity-dominant or

oxide-dominant wear

Transition region Plasticity-dominant wear

Section morphology

of worn surface

Single-layer oxide Double-layer or multi-layer oxide Mixed metal-oxide layer
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5 Conclusion

Under atmospheric conditions at 400 �C and loads from

50–200 N, the wear of H21 steel with different tempering

states was identified by XRD patterns to be typical oxi-

dative wear with predominant tribo-oxides of Fe3O4 and

Fe2O3. Under loads of 50–100 N, mild oxidative wear

prevails, in which wear losses of H21 steel with various

tempering states show no significant differences with slight

matrix plastic deformation and single-layer tribo-oxide.

Tribo-oxide is a decisive factor to decide wear rate. As

loads of 150–200 N are applied, the transition of mild wear

to severe wear in oxidative wear occurs with the following

characteristics: (1) obvious differences of wear losses for

steel with various tempering states are presented; (2) wear

loss starts to increase fast and reaches relatively high level;

(3) significant plastic deformation in oxide-underneath

substrate and multi-layer tribo-oxide appear. It seems that

tribo-oxide and substrate deformation would simulta-

neously determine wear behavior. Under a load of 200 N

for the steel tempered at 700 �C, plastic extrusion prevails

with mixed metal-oxide layer.
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