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Abstract.The present work was developed to understand theeirce of tempering on the microstructure and hass
of “Fe-Mn-Si-Cr-Ni” stainless shape memory steehrde stainless shape memory steel (Fe-10.3Mn-5.3€i¢-
4.9Ni-0.006C; Fe-13.7Mn-5.6Si-8.6Cr-5.1Ni-0.014Q dre-14.2Mn-5.3Si-8.8Cr-4.6Ni-0.008C) were studiadying
tempering temperature — 4%D and 620C (1800s). Microhardness results showed that cha&ngiomposition is the
most important parameter of influence on hardnesbe-alloy with higher chromium and lower manganesetent
presents the highest average hardness. Theregadehcy of increasing on hardness with an improeimgempering
temperature but not so expressive than the inflaesfc chemical composition. In general, the averagedness
presents a tendency to decrease its value withmmdvement on austenitizing temperature, suggestiaga higher
austenitic grain size conducts to a lower hardriessl.
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1. INTRODUCTION

Since 1990’s, Fe-Mn-Si based alloys such as Fe-MorNi and Fe-Mn-Si-Cr-Ni-Co have been studied aas
candidate to substitute Ni-Ti. The Fe-Mn-Si allogxhibit a nonthermoelastic martensitigFCC)—g(HCP)
transformation and one-way shape memory effect.riiigensitic transformation in these alloys is fdtm proceed by
the movement of a/6 112 Shockley partial dislogetion alternate 111 austenite planes. As the simapeory effect
mainly results from the reverse motion of Shockbeytial dislocations during heating, the martensitansformation
behavior is critical in determining the magnituddle shape memory effect (Jang et al., 1995).

Due to its lower shape memory effect compared tdiNthe Fe-Mn-Si based alloys are not employedange-
scale. In order to improve the shape memory effiset, Fe-Mn-Si alloys are submitted to training egclthermal
mechanical cycling treatment) but that procedurads viable in several applications. Thereforeisiimportant to
develop materials with good shape memory withoatrtécessity of training.

A good shape memory effect permit to expand thestréhl application (Otubet al 1997)(Kajiwara,1999)(Weat
al,2004)(Jeeet al2004). According to Liet al (2002) the use of Fe-Mn-Si based alloys is jusdifby its lower
manufacturing cost. In recent years, Fe-Mn-Si bad®pe memory alloys have received much attentientd the
possibility of using them in applications such ggegoints, bolts, reinforcement of plasters, cafigineering, Seismic
vibration and structural aeronautic material (Batual, 2008; Jee et al., 2006; Janke et al., 2005; O#tlzd., 2008;
Sawaguchi et al., 2007). In accordance to Verbeakeal (2007), ferrous SMAs based on Fe-Mn alloy systeay m
become a new class of SMAs of great technical itapoe.

In accordance to Otubet al (1997;2008), Jeet al (2004), Sawaguchet al (2008) and Janket al (2005), the
stainless shape memory alloy can be used in apiplisasuch as: pipe joints, electrical connectelsctrical actuators,
thermal actuators, vibration damping and extereasibning in civil structures. Works have been dbyehe group
since 1994 to understand the physical metallurgglired in this material and to permit an optimination its shape
memory recovery capacity (Otubset al 1994;1997;2002;2007;2008)(Nascimermb al, 2000a;2000b)(Silvaet al,
2008a;2008b;2008c;2009). In the earlier works tiveye shown that beside the chemical compositian gtiain size
play an important factor in terms of shape recoyamformance being higher the smaller the graie.siz

2. EXPERIMENTAL PROCEDURE

Three 65mmx65mm ingots were prepared by vacuumciiatu melting and their chemical composition arevsh
in Table 1. The ingots were heated to 1,180°C adonged down to 40mm x 40mm bars. Then the bar®wolution
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treated at 1,10C for 3,600s and then hot rolled to 20mm in diametsund bars. Details regarding its alloy
manufacturing process can be find at Otabal (1994a;1994b;1995).

The 20mm round bars were submitted to austenititiegt treatment in different temperatures (@)M50C,
1,000C and 1,05fC) followed by a water quenching. After concludihg quenching they were taken samples of each
austenitizing condition and then submitted to apernmg heat treatment. It was used two differemhpering
conditions: 456C (30min) and 6T (30min). The heat treatment (austenitizing amdpiering) was performed in a
FC1 furnace model, supplied lB5DG EquipamentosThe minimum austenitizing temperature used inpitesent study
was 900C because in the earlier works (Siktaal, 2008a;2008b;2008c) it was not observed grain trays to 906C.

An abrupt grain size increase could be seen fopksraustenitized in temperatures between 950°A@5HA°C.

After concluding the tempering, the samples werpared to perform hardness measurements and ngesglloc
characterization: mechanical grinding (from #32@&®0) followed by a polishing with diamond pasgr, 1um and
Yqum). It was used an optical microscdpgIlCA DMLMto perform the metallographic analysis.

The hardness evaluation was performed usiRgy BURETECH FM-700micro hardness tester (0.49N or 50gf, 12s,
10 points per sample in random positions) in acaocd to Figure 1. The distance between the diffénglentations is
always higher than 5 times the length of the indiéom. It is necessary to clarify this point beeaus is not
recommended to use hardness evaluation if thendisthetween the different indentations is lowentBatimes the
maximum length of the indentation.

Figure 1. (a) Scheme of hardness evaluation alonlget sample radius. (b) Micro hardness equipment used

One sample was submitted to an austenitizing a0°@0n order to promote a bigger grain growth folemvby
water tempering at room temperature to “freeze” hierostructures. It was performed hardness evialuain each
phases showed on the microstructure using micredtadion to know the difference of mechanical cbidstics
between the phases.

Table 1. Chemical composition of ingots used in thgresent study (weight %).

ID Fe Mn Si Cr Ni C

A Balance 10.3 5.3 9.9 4.9 0.006
B Balance 13.7 5.6 8.6 5.1 0.014
C Balance 14.2 5.3 8.8 4.6 0.008

3. RESULTS AND DISCUSSIONS

In the earlier works the authors noted that theaye austenitic grain size increased almost twitee ahanging the
austenitizing temperature: from 310 (900°C) to 61.90m (1,050°C). Below 900°C it was not observed any
changing on the grain size ending up tqu30(Silva et al, 2008a;2008b;2008c). Figure 2 shows representative
microstructures of the studied materials in différaustenitizing temperatures (before submittingetopering). It is
possible to note that there is an enormous diffeamong the microstructures and grain growth i qisible. All
the samples show a heterogeneous microstructuhetwiits distributed on the austenitic grain.
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(b)

Figure 2. Representative microstructures of samplesubmitted to different austenitizing temperatures:(a)
900°C; (b) 1,050°C (Silvat al, 2008a;2008b;2008c). Etching: HN@(150 ml) + HF (30 ml) + water (250 ml).
Optical microscopy.

Figure 3 shows a representative microstructurdlof 4A” after submitting to austenitizing at 1,280 for 2,700s
(45min), followed by water quenching (without terripg). It was used a kind of chemical etching whicimduct to a
differential color between the phases. After hassnscanning (nine measurements by phase) they foene the
following results: 255.8 HVq=21.0) for the “dark” phase and 324.3 H¥=(2.4) for the “white” phase. In accordance
with results obtained by Nascimergbal (2008), which studied a similar material, thessuhs suggest that the “dark
phase” is austenite and the “white phase” is maiterfor the materials studied in the present work.

Mécia: 3243 HV|
c=124 HV s
BN - O \!

Figure 3. Representative microstructure of alloy “A after austenitizing at 1200°C for 2700s. Etchingt.2g
K,S,05 + 0.8g NHHF, + 100ml H,O. Optical microscopy.

Figures 4, 5 and 6 show the results of hardneswdlee radius for the three materials studied énpgresent work. It
is possible to see that alloy “A” presents the bigjhaverage hardness among the three chemical s@mps. This
behavior, in general, was observed for all theemisting and tempering temperatures. The averagéniess of alloy
“B” and “C” are quite similar, suggesting that tbigference on the chemical composition observedaftory “B” and
“C” (in accordance with Table 1, “B” presents lowdn content and higher Ni content than “C") was eabugh to
promote relevant changes on the microstructure sftemitting the materials to heat treatment.

The legend of graphs permits to know the alloy (“®8” or “C”), the austenitizing temperature (90®5C, 1000
or 1056C) and the tempering condition (458 620C). For example: B-900-620 means that this test condition is for
alloy “B” and this sample was submitted to austeinig of 900C followed by a tempering of 620.
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Figure 4. Hardness results for alloy “A” at different heat treatment temperatures along the sample rdds.
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Figure 5. Hardness results for alloy “B” at different heat treatment temperatures along the sample rads.
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Figure 6. Hardness results for alloy “C” at different heat treatment temperatures along the sample rads.

Analyzing the hardness results as a function ofesitizing temperature (Figures 4 and 5), it isgilde to see that
the average hardness present a tendency to dedteasalue with an improvement on austenitizing penature
(Hardnes¥° > Hardnes¥™ > Hardnes¥>) for alloys “B” and “C”. Alloy “A” (Figure 6) presnts a different behavior
from 1000C to 1056C, but from 908C to 1006C it was noted a decreasing on hardness similtiraibobserved for
alloys “B” and “C” (Figures 4 and 5).

Figures 4 suggest that for alloy “A” there is adency of increasing on hardness with an improvingesnpering
temperature. In accordance to Figures 5 and 6ysatB” and “C” showed a different behavior: in geakthe hardness
maintain or decrease its values with an increasimthe tempering temperature.

Figure 7 shows the main effects influence of eastameter and the interaction between parameteeseTplots
were obtained using the statistic software Mirfitab

Analyzing the Figure 7a it is possible to confirnatt the average hardness for alloy “B” and “C” (athe220/230
HV) is quite similar and expressively lower thaatthoted for alloy “A” (~270 HV). These results ¢iom the previous
comments reported.

In terms of “tempering temperature”, Figure 7a shdhat there is no expressive influence of tempegabn the
overall average hardness. When it is used?@2Bere is a little tendency of hardness to inareas

Considering the “austenitizing temperature” (Figues, it is perceived that the highest average riemsl level is
obtained for 90®C. In general, an increasing on the austenitizeperature conducted to a decreasing on the
hardness, suggesting that a higher austenitic giaénconduct to a lower hardness level.

Analyzing the Figure 7b, it is possible to concluthat there aren’t any interactions among “tempgramd
austenitizing temperature” or “austenitizing tengtere and alloy”.

Excepting to alloy “B”, it can be noted on Figure that an increasing on the “tempering temperatoogiducted to
a little increasing on the hardness. Alloy “B” peated a little decreasing on the hardness as didanaf tempering
temperature.

The results of Figure 7b show that the factor ‘@l the most important parameter. The tempergmggerature
promotes a little increasing on hardness in general
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Main Effects Plot (data means) for Hardness [HV 0.49N] R
Interaction Plot (data means) for Hardness [HV 0.49N]
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Figure 7. Main effects and interactions plots for Hoys “A”, “B” and “C” as a function of austenitizi ng and
tempering temperatures.

Figure 8 shows typical microstructures of alloys”“And “C” after submitting to tempering in differen
temperatures. It is possible to see that theregigat difference on the grain size from %@ 1050C of austenitizing
temperature. The increasing on the grain size (fafi to 1056C) probably conducted to an easy tempering of
martensite. This change on the microstructurefjastthe decreasing on hardness when the matsrg@alimitted to a
higher austenitizing temperature.

In accordance to Figure 8 (8c-8b and 8f-8e) theyalC” presents a higher plate coarsening thanyalld’, which
can be explained by the difference on the previgras size of the both material (before submit@tempering). This
feature explains the higher average hardnesslfyr ‘&” in comparison to alloy “C”, as can be shown Figure 7a.

Alloy € 9000C + 6200C il

(€)

Figure 8. Typical microstructures of alloys “A” and “C” after submitting to tempering in different tem peratures.
Etching: 1.2g K;S,05 + 0.8g NHHF, + 100ml H,O. Optical microscopy.

Considering the average hardness obtained to ¢tetesl phases (austenite and martensite), as sbovAigure 3,
the both tempering temperatures (4aMd 626C) can be considered efficient to reduce the hasimé material:
estimated martensite hardness after quenching 24 +3/; estimated austenite hardness after quendafir@55 HV;
overall “alloy A" hardness after tempering of 24662HV; overall “alloy B/C” hardness after temperin§ 220-240
HV. Considering that no relevant difference on hass on the “as tempered state” was noted compafff§ and
620°C, the results suggest that it is not necessangaaa too high temperature to promote a complatpeéng.
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4. CONCLUSION

Alloy “A” (higher chromium and lower manganese aamt) presented the highest average hardness. /Mlbgnd
“C” presented an average hardness quite similggessting that the difference on the chemical coitiposobserved
for alloys “B” and “C” was not enough to promotedenant changes on the microstructures after suinmitthe
materials to heat treatment.

In general, the average hardness presented a wnteecrease its value with an improvement oreaitizing
temperature (hardness 900°C > hardness 1000°Cdndsar 1050°C), suggesting that a higher austegidin size
conduct to a lower hardness level.

There is a tendency of increasing on hardnessawitimproving on tempering temperature, but thatdase did not
present an expressive influence on the hardness.

There are not interactions among “tempering andeaitizing temperatures” or “austenitizing temparat and
alloy”.

The “chemical composition” seems to be the mosbirtgmt parameter of influence on hardness.
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