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Abrasive Wear of Fe-Mn-Si-Cr-Ni Shape Memory
Stainless Steel: Preliminary Results
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This study was developed to understand the influence of chemical composition and austenitic grain size on
the wear resistance in stainless shape memory steel. A two-body abrasive wear device was used to
understand the wear mechanism involved. They were tested pins with the following chemical composition:
Fe-10.3Mn-5.3Si-9.9Cr-4.9Ni-0.006C and Fe-14.2Mn-5.3Si-8.8Cr-4.6Ni-0.008C after being austenitized at
900 and 1050 °C, followed by water quenching. The surface characterization was performed by optical
microscopy and scanning electron microscopy, and the roughness profile evaluation was also conducted.
The weight loss was measured after conducting the wear testing, and the wear rates were estimated. The
results demonstrated that the alloy with less manganese and higher chromium content has the best wear
resistance (between 17.5 and 18.9%). With an increase of the austenitic grain size there was a small
reduction on the wear resistance (between 3.0 and 4.1%). The chemical composition demonstrated to have
higher influence on the wear behavior than the austenitic grain size.

Keywords aerospace, mechanical testing, stainless steels, surface
engineering, tribology

1. Introduction

Since the 1990s, Fe-Mn-Si-based alloys such as Fe-Mn-Si-
Cr-Ni and Fe-Mn-Si-Cr-Ni-Co have been studied as a candidate
to substitute Ni-Ti. The shape memory effect on Fe-Mn-Si-Cr-
Ni alloys is associated to a non thermoelastic martensitic
transformation y(CFC) <« ¢(HC). Due to its lower shape
memory effect compared to Ni-Ti, the Fe-Mn-Si-based alloys
are not employed in large-scale, however, they have many
potential applications. A good shape memory effect would
allow expanding their industrial application (Ref 1-3). The use
of Fe-Mn-Si-based alloys is justified by their lower manufac-
turing cost. In recent years, Fe-Mn-Si-based shape memory
alloys have received much attention due to the possibility of
using them in applications such as pipe joints, bolts, reinforce-
ment of plasters, electrical actuators, thermal actuators, and
vibration damping (Ref 4, 5). Ferrous SMAs based on Fe-Mn
alloy system may become a new class of SMAs of great
technical importance.

This article is an invited paper selected from presentations at Shape
Memory and Superelastic Technologies 2010, held May 16-20, 2010,
in Pacific Grove, California, and has been expanded from the original
presentation.

Christian Egidio da Silva, Heide Heloise Bernardi, and Jorge
Otubo, Mechanical Engineering Division, Technology Department,
Aeronautical Technologic Institute, Sdo José¢ dos Campos, SP, Brazil;
and Christian Egidio da Silva, Product and Process Engineering,
Gerdau Acos Especiais, Pindamonhangaba, SP, Brasil. Contact e-mails:
christianegidio@gmail.com and christian.silva@gerdau.com.br.

Journal of Materials Engineering and Performance

Works have been done by this group since 1994 (Ref 6-13)
to understand the physical metallurgy involved in this material,
and to optimize its shape memory recovery capacity. These
works have demonstrated that besides the chemical composi-
tion, the grain size plays an important role on the shape
recovery performance: the smaller the grain size the higher the
shape recovery performance.

Earlier works (Ref 10-13) have revealed that no grain
growth is noticed up to 900 °C of austenitizing temperature,
which suggests that the energy to promote the grain growth was
not enough. An abrupt grain size increase can be observed for
samples austenitized in temperatures between 950 and
1050 °C. Alloys with less manganese and more chromium
content are quite stable and there is no grain growth noticed up
to 1000 °C. It was also observed an increase of almost two
times on the grain growth when compared to the ones from
austenitizing temperatures of 900 and 1050 °C.

According to Stachowiak and Batchelor (Ref 14), wear by
abrasion is one form of wear caused by contact between
particles and solid material. Considering that in several
applications there is a mechanical contact among pieces, it is
necessary to start studying wear resistance on shape memory
alloy.

There are no published articles studying wear mechanism on
shape memory Fe-Mn-Si-Cr-Ni stainless steel. This article
presents preliminary results about the influence of chemical
composition and austenitic grain size on wear resistance.

2. Experimental Procedure

Ingots (65 x 65 mm2) were prepared by vacuum induction
melting and their chemical composition are shown in Table 1.
The ingots were heated to 1180 °C and hot forged down to
40 x 40 mm?” bars. These bars were solution treated at
1100 °C for 3600 s, then hot rolled to 20 mm in diameter.
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The bars were submitted to a sequence of hot swaging
followed by cold forging down to 8 mm of final diameter,
according to the following procedure: the 20 mm bars were
initially heated to 1050 °C per 2400 s, and then hot swaged
with intermediary annealing at 1050 °C, every swaging pass
down to 9.5 mm in diameter; after that, these bars were cold
forged down to a final diameter of 7.6 mm. After reaching the
final diameter, the bars were austenitized at 900 and 1050 °C
for 2400 s.

After concluding the heat treatment the bars were cut in
7.6 mm x 12 mm pins to perform wear testing. A two-body
abrasive wear testing was used to assess the wear resistance,
according to the following parameters: room temperature
(24-28 °C), static pin, #320 grit (sandpaper) as abrasive surface,

Table 1 Chemical composition (wt.%)

1 2
Cr 9.9 8.8
Ni 4.9 4.6
Mn 10.3 14.2
Si 53 53
C 0.006 0.008
Fe Balance Balance

Fig. 1 Microstructures of alloy 1 at 900 °C (a) and 1050 °C (b)
before testing. SEM. Etching: marble
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dry test (without cooling fluid), normal weight constant,
300 rpm speed and different running times (120, 240, 360,
and 600 s). Before conducting the wear testing the pins were
mechanically grinded (#320 to #600), and mechanically pol-
ished with diamond paste (6, 1, and 4 pum). The same procedure
was used on all the samples.

The microstructures were analyzed by SEM (JEOL JSM-
6490LV) and optical microscopy (LEICA LMDM). The
surface was analyzed using optical microscopy tools. The
wear rate was estimated using a balance METTLER H35AR
(£0.0001 g) after concluding each running time cycle on the
two-body abrasive wear device. The abrasive surface (#320
grit) was changed after concluding each running cycle to avoid
contamination.

3. Results and Discussion

3.1 Microstructure

Figure 1 and 2 shows the microstructures of samples before
the wear testing. It is possible to notice a heterogeneous
microstructure for both alloys as well as the presence of twins
inside the grain distributed along its area. The difference on the
grain size is visible from 900 to 1050 °C of austenitizing
temperature.

()@

(b)

Fig. 2 Microstructures of alloy 2 at 900 °C (a) and 1050 °C (b)
before testing. SEM. Etching: marble
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Fig. 3 Roughness profile before testing: (a) Alloy 1 at 900 °C; (b) Alloy 1 at 1050 °C; (c) Alloy 2 at 900 °C; (d) Alloy 2 at 1050 °C. Optical
microscopy. Etching: marble
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Fig. 4 Typical micrographs of alloy 1 (a) and 2 (b) after austenitizing at 1050 °C. SEM. Etching: marble
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Fig. 5 Overall wear rate for both materials at different austenitizing
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Fig. 6 Image of tracks on the surface after the contact with the abrasive
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Fig. 7 Roughness profile after testing: (a) Alloy 1 at 900 °C; (b) Alloy 1 at 1050 °C; (c) Alloy 2 at 900 °C; (d) Alloy 2 at 1050 °C. Optical microscopy
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3.2 Surface Characterization Before Wear Testing

Figure 3 shows the roughness profile of samples obtained
by optical microscopy. It is possible to see that alloy 1
presented a more continuous roughness profile along the
scanning length (less dispersive) than alloy 2.

Figure 3 suggests that an increase of the austenitizing
temperature leads to an increase of roughness profile. This
effect on roughness can be explained by the difference of
austenitic grain size: the larger the grain size, the bigger the
difference on the surface because of its structure.

Figure 4 shows typical micrographs for both materials after
austenitizing at 1050 °C. This figures help to understand the
difference on roughness profile of samples “1”” and “2.” It is
noticed the existence of twins in both materials. Alloy 1
(Fig. 4a) is more homogeneously distributed than alloy 2
(Fig. 4b).

3.3 Wear Resistance

Figure 5 shows the overall wear rate for both materials after
600 s of running time. Alloy 1 showed better wear resistance
than alloy 2: from 17.5% (0.1038 mg/m against 0.1220 mg/m,
at 1050 °C) to 18.9% (0.0997 mg/m against 0.1185 mg/m, at
900 °C).

An increase of austenitizing temperature promoted a
decrease of the wear resistance. The temperature of 900 C
showed better wear resistance than of 1050 °C: from 3.0%
(0.1038 mg/m against 0.0997 mg/m, for alloy 1) to 4.1%
(0.1220 mg/m against 0.1185 mg/m, for alloy 2).

It is possible to infer that chemical composition has much
more influence on the wear behavior than austenitic grain sizes
(promoted by austenitizing heat treatment).

Figure 6 shows typical tracks on the surface of samples after
wear testing. Similar tracks were noticed on both materials, and
at different austenitizing temperatures. It is possible to observe
(in close detail) many particles displacement along the tracks.

Figure 7 shows the roughness profile of the samples
obtained by optical microscopy after wear testing. Alloy 1
presented a more continuous roughness profile along the
scanning length (less dispersive) than alloy 2. This behavior
can be explained by the difference in the microstructure (see
Fig. 3). Alloy 2 presented a larger austenitic grain size. This
causes the appearance of many more crystallographic structures
for alloy 2 than alloy 1, which promotes the difference on
roughness.

4. Conclusion

Both Fe-Mn-Si-Cr-Ni shape memory stainless steel pre-
sented a predominant abrasive wear micro-cutting mechanism.
The material is removed as wear debris.

The alloy with less manganese and higher chromium content
showed better wear resistance.
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An increase of grain size resulted on a decrease of wear
resistance. The larger the austenitic grain size, the rougher the
profile.

Chemical composition exhibits much more influence on
wear resistance than austenitic grain sizes.
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