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+e friction and wear tests of 2205 dual-phase steel with different solution temperatures were carried out, and the effects of
solution temperature on themicrostructure and friction and wear properties of the steel were determined. Results show that, as the
solution temperature increases, the morphology of the austenite phase in 2205 duplex stainless steel gradually changes from
fibrous strips to short rods and islands with a more uniform distribution. Additionally, the ferrite content increases with a rise in
solution temperature, reaching 56.3% after solution treatment at 1160°C. It was also found that, between 1000°C and 1160°C, the
friction coefficient curves of 2205 dual-phase steel and silicon nitride balls have similar characteristics. Under 100N dry friction,
with the increase of solution temperature and oxygen distribution area, the wear mechanism of 2205 dual-phase steel gradually
expanded from local oxidation wear to adhesive wear and exfoliation wear.

1. Introduction

Composed of austenite and ferrite, 2205 duplex stainless
steel possesses great strength and corrosion resistance. It is
widely used in the petrochemical, papermaking, and pe-
troleum industries [1–7]. Because of the presence of both
austenite and ferrite, 2205 duplex stainless steel possesses the
properties of both of these phases. +e existence of austenite
can greatly reduce the brittleness of the ferrite and also
improve the weldability of the material. Ferrite improves the
resistance of the material to stress corrosion, and because of
the simultaneous existence of these two phases, it can also
inhibit grain growth [8–13]. However, the presence of these
two phases also brings some disadvantages. A higher ferrite
content in stainless steel increases the brittleness of the
material. Moreover, due to the difference in deformation
abilities between ferrite and austenite, the properties of the
material in extremely hot or cold working conditions are
inferior to those of single-phase stainless steel [14, 15].

Previous studies [16–22] have found that solution
treatment is one of the main factors determining the two-

phase ratio of duplex stainless steel. Different solid solution
treatment processes not only cause 2205 duplex stainless
steel to have different two-phase ratios but also lead to the
precipitation of a secondary phase. +is secondary phase
often causes pitting corrosion of the steel and increases the
tendency of stress corrosion cracking and corrosion fatigue
cracking during usage. +is in turn affects the corrosion
resistance and mechanical properties of 2205 duplex
stainless steel.

+e mechanism of friction and wear is to explain the
wear process of materials. It represents the formation of
wear debris in the process of wear [23–25]. +e wear
mechanism can be understood by observing the worn
surface. +e most likely wear of duplex stainless steel in the
wear process is adhesive wear, abrasive wear, and local
oxidation wear. Sometimes, the duplex stainless steel will be
exfoliated, worn, and abraded. +e wear mechanism is also
different. In the case of wear resistance of dual-phase steel,
Wang et al. [26] reported the effects of dry friction and
fretting amplitude in an aqueous solution on the fretting
wear behavior of 2507 super-dual-phase stainless steel. +e
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results showed that, under dry friction, the wear mechanism
changed from local oxidation wear and local fatigue wear to
oxidation wear, adhesion wear, and spalling wear. In an
aqueous solution, the main wear mechanisms were mild
oxidation wear and abrasive wear, accompanied by fatigue
wear. Wang et al. [27] prepared a high nitrogen austenite
layer on the surface of dual-phase steel and obtained a high
nitrogen stainless steel layer with a uniform structure and
easier subsequent processing.

In practical applications, dual-phase steel will suffer
material loss from friction and wear. +e friction and wear
properties of duplex stainless steel are affected by the so-
lution treatment. So far, there have been few studies on the
wear resistance of 2205 dual-phase steel under different
solution treatment conditions. +erefore, microstructure
analysis and friction and wear tests for 2205 duplex stainless
steel were carried out under different solid solution treat-
ment conditions. +e wear resistance of the material was
evaluated to provide an important reference for the opti-
mization of the production process and product quality
control.

2. Materials and Experiments

Table 1 displays different chemical compositions of 2205
duplex stainless steel plates with 4mm thickness. +e so-
lution test was carried out in a muffle furnace. Solution
temperatures ranged from 1000°C to 1160°C, at intervals of
40°C, and the solution holding time was 40 minutes. After
being removed from the solution, the sample was directly
quenched with water.

+e specimens used for the electron backscatter dif-
fraction (EBSD) study were cut along the rolling direc-
tion, and the longitudinal sections (RD-ND) of the
specimens were polished using standard metallographic
procedures. +en, electrolysis was carried out in 20 : 1
ethanol and perchloric acid solution, with an electrolysis
voltage of 20 V and current of 1 A to ensure the removal
of any surface deformations. EBSD was carried out using
a ZEISS Sigma 3000 field-emission scanning electron
microscope.

+e wear resistance of the 2205 dual-phase steel was
characterized by exploring the friction and wear properties
of the material after treatment at different temperatures.
Before the experiment, the solid sample to be placed in the
solution was cut into a 20mm× 10mm× 4mm rectangular
block. Next, the surface of the sample was polished to 3000
mesh and further polished with a diamond polishing agent.
+e reciprocating sliding friction test was carried out under
dry conditions at room temperature using an MFT-5000
friction and wear tester from RTEC Instruments. +e
friction and wear tests were carried out with a 0.006mm
diameter silicon nitride ball. +e trace length was 0.006mm
under 100N applied load, the wear time was 30min, and the
frequency was 1Hz. Table 2 shows the working parameters
of the experiment. After the friction and wear test, the wear
trace was observed with an online three-dimensional optical
profilometer.+e worn surface was observed using the X-ray
diffraction (XRD). It was performed by using Cu-Kα

radiation. +e scanning speed and the scan step size were 1°/
min and 0.02°, respectively. +e experimental data were
processed by Jade 6.0 software.

3. Results and Discussion

3.1. Microstructure Analysis at Different Solution
Temperatures. Figure 1 shows different morphologies of
2205 duplex stainless steel at different solution temperatures.
+e long-strip austenite phase is gray, and its width increases
from 8–12 μm at 1000°C to about 15 μm at 1160°C.+e width
of the austenite phase displays an obvious increase at
temperatures above 1080°C, as the phase map in Figure 1
illustrates. After heating and the solid solution treatment, a
local phase boundary dissolution fracture occurred in the
austenite phase. Its morphology changed from fiberboard
strip morphology to long rod morphology. When the so-
lution temperature increased to 1040°C, the austenite phase
with the long-rod shape transformed into a bamboo shape,
and the grain/phase boundaries gradually became more
regular. As the temperature increased to 1160°C, the atomic
diffusion speed increases, the grain boundaries and phase
boundaries of austenite and ferrite become clearer after
rolling and compression, and the long-rod austenite grad-
ually forms a regular shape through recovery and
recrystallization.

Figure 2 exhibits the X-ray diffraction patterns of the
2205 duplex stainless steel surface at different temperatures.
Several oxides are formed on the surface of the sample after
friction and wear such as Mn3O4, Fe2O3, and Cr2O3. It can
be seen from Figure 2(a) that the relative intensity of the
diffraction peak of the worn surface increases obviously with
the increase of temperature, and the peak value of the curve
deviates partially. +e results show that friction and wear
cause some microstructure changes in the dual-phase steel
such as dislocations and lattice shifts. +e ferrite content of
2205 duplex stainless steel was 53.5% after solution treat-
ment at 1000°C (Figure 2(b)). With a rise in solution
temperature, the ferrite content increased. After solid so-
lution treatment at 1160°C and subsequent water cooling,
the ferrite phase content in the microstructure reached
56.3%. When the solution treatment temperature increased,
a transformation in the two-phase composition occurred in
the steel. It was a c⟶ α transformation, which means that
ferrite in the steel increased gradually, while the level of
austenite decreased [28].

3.2. Effect of Solution Temperature on Friction Coefficient.
Figure 3 displays the real-time friction coefficient of 2205
dual-phase steel with different solution treatments under
100 N dry sliding friction. It can be seen from Figure 3 that
the friction coefficient curves of 2205 dual-phase steel and
silicon nitride balls have similar characteristics. +e
friction coefficient first increases rapidly, reaches a peak
value, decreases quickly, and then increases gradually
towards a stable value. +e entire friction coefficient curve
is divided into three stages. +e first stage is the initial
running-in stage [29]. In this stage, the material surface
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Table 2: Wear test parameters.

Applied load (N) Balls Balls’ diameter (m) Trace length (m) Frequency (Hz) Temperature (°C) Total sliding distance (m)
100 Si3N4 0.006 0.006 1 24± 2 0.36

Table 1: Chemical composition of 2205 duplex stainless steel (wt%).

C Cr Mo Ni Si S Mn P N Fe
0.025 21.83 3.09 5.45 0.58 0.003 1.13 0.024 0.1699 Balance
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Figure 1: Continued.
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Figure 1: Microstructure of 2205 duplex stainless steel at different solution temperatures: (a–c) 1000°C, (d–f) 1040°C, (g–i) 1080°C,
(j–l) 1120°C, and (m–o) 1160°C.
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Figure 2: (a) X-ray diffraction patterns of the duplex stainless steel surface. (b) Ferrite phase proportion of 2205 duplex stainless steel at
different solution temperatures.
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has a certain roughness, so the contact area between the
Si3N4 ball and the material surface is small. +is leads to an
increase in contact stress and wear rate. +e subsequent
decrease in the friction coefficient is due to the rapid wear
of the ball and the material surface, which makes the
interface smoother and the contact area smaller. Besides,
the wear debris between the friction pairs acts like ball
bearings to reduce the friction coefficient. In the second
stage, as the friction continues to increase, the actual
contact area also increases, resulting in a further increase
in the friction coefficient. After about 400 s, the wear
debris between the friction pairs increases to such a level
that the friction coefficient decreases. In the third stage,
plastic deformation leads to work hardening with the
increase in the degree of wear, but the surface contact area
remains almost constant. +erefore, the wear increases
slowly with time [30, 31], and the friction coefficient
increases slowly and stably.

In the first stage, the peak value of the friction coefficient
increases along with a rise in solution temperature. +is may
be due to the increase in the microstructure and wear rate of
2205 dual-phase steel resulting from the solution temper-
ature increase. As Figure 3 shows, the highest value of the
coefficient at 1160°C is 0.27. In the second stage, the friction
coefficient reaches a peak of 0.52 at 1040°C and 1080°C. +e
peak value of the friction coefficient at 1120°C and 1160°C is
0.45, which is lower than for the other solution tempera-
tures.+is is because an increase in the solution temperature
results in the alloy elements in 2205 dual-phase steel dis-
solving in the matrix, thus improving the material strength
[32]. Under the same load, the actual contact area and
friction coefficient are lower. In the third stage, the friction
coefficients for the five solution temperatures are all very
similar and increase slowly.

3.3. Effect of Solution Temperature on the Wear
Macromorphology. Friction and wear tests were carried out
on different 2205 duplex stainless steel samples. +e mac-
romorphology and cross-section morphology of the samples
after the test are shown in Figure 4. Results of the friction
and wear test indicate that the macrostate of wear was
similar for all solution temperatures, and the depth and
width were about 85–94 μm and 1.5mm, respectively.

Figure 5 shows the wear volume of the 2205 duplex
stainless steel under different solution treatment conditions.
Combined with the results of the analysis on the micro-
structure and the friction coefficient, this situation may be
due to the solution strengthening effect of the 2205 dual-
phase steel that occurred with the increase in solution
temperature. +is causes the wear volume to decrease, and
the grain growth makes the strength and wear resistance to
decrease.

3.4. Analysis of the Micromorphology of Friction and Wear.
Figure 6 shows the wear morphology (from middle to edge)
and surface oxygen energy spectrum distribution of dual-
phase steel at different solution temperatures under dry
friction conditions. By comparing this with the results
shown in Figure 5, it can be seen that the wear track of the
dual-phase steel under different solution temperatures is
very similar, indicating that the wear mechanism of the five
groups of samples is essentially the same. +e reciprocal
sliding of the silicon nitride ball causes the deformation of
2205 dual-phase steel and results in cutting or ploughing.
Microcracks appear on the surface of the 2205 dual-phase
steel under the repeated action of the contact compressive
stress of the silicon nitride ball and then peel off. +e cracks
can be easily seen in Figure 6. At 1000°C, there is a lot of
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Figure 3: Relationship between friction coefficient and dry friction time at different solution temperatures.
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spalling, and the corresponding oxygen distribution map
shows that the oxygen distribution at this temperature is the
least. With a rise in solution temperature, the spalling layer
presents a similar morphology. When the temperature rises,
oxygen in the oxygen element distribution diagram shows a
steady increasing trend. When the temperature is 1160°C,
the distribution area of oxygen is the largest. +is may be

related to an increase in the grain size resulting from the rise
in the solution temperature ranged from 1000°C to 1160°C.
In the friction and wear process, the compressive stress at the
contact point of the asperities on the sample surface can
reach more than 4000MPa and reach high temperatures of
more than 1000°C instantaneously [33]. Coarse grains are
prone to high-temperature oxidation under compressive
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Figure 4: Wear macromorphology and cross-section morphology of samples at different solution temperatures: (a) 1000°C, (b) 1040°C,
(c) 1080°C, (d) 1120°C, and (e) 1160°C.
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stress. +erefore, under 100N dry friction, with the increase
of solution temperature and oxygen distribution area, the
wear mechanism of 2205 dual-phase steel gradually ex-
panded from local oxidation wear to adhesive wear and
exfoliation wear.

4. Conclusion

(1) As the solution temperature rises, the fiber-like
austenite phase in 2205 duplex stainless steel grad-
ually evolves into a short rod-like and island-like
morphology, and the grain/phase boundaries be-
come clearer. +e content of the ferrite phase in the
microstructure increases gradually, and the content
of the ferrite phase can reach 56.3% at 1160°C.

(2) Results show that the friction coefficient curves of
2205 dual-phase steel and silicon nitride balls have
similar characteristics between 1000°C and 1160°C.
+e friction coefficient first increases rapidly, reaches
a peak value, and then decreases at a fast rate before
gradually and stably increasing. In the first stage, the
peak value of the friction coefficient falls with an
increase in the solution temperature. In the second
stage, the friction coefficient at 1040°C and 1080°C
reaches the peak value of 0.52, while in this stage, the
friction coefficient at 1120°C and 1160°C only rea-
ches a maximum value of 0.45. In the third stage, the
friction coefficients of the five samples are almost
identical, and all increase slowly.

(3) Under 100N dry friction, with the increase of so-
lution temperature and oxygen distribution area, the
wear mechanism of 2205 dual-phase steel gradually
expanded from local oxidation wear to adhesive wear
and exfoliation wear.
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