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Abstract. Three different routes of heat treatments were applied in samples of 4340 steel in order to modify the
microstructures and mechanical properties. After this initial treatment was applied a plasma nitrocarburizing
thermochemical treatment in a part of the samples, forming a layer of nitride (Fe;N and FesN,) of about 10um, with
high hardness, in order to improve the surface characteristics. The layer and microstructure were characterized with X-
ray analysis, optical microscopy, confocal laser scanning and hardness test by microindentation. Tensile, fatigue and
creep tests show the influence of microstructure formed on the mechanical properties, the microstructure predominantly
bainitic phase showed a better combination of ductility, toughness and fatigue life. After treatment nitrocarburizing was
observed the effect of tempering, with a reduction in hardness of substrate and tensile strength. In steel with martensitic
microstructure the fatigue life decreases. We observed also a variation in creep behavior due to different
microstructures formed. After the plasma treatment, there was a considerable reduction in the rate of creep and an
increase in the time required for fracture.
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1. INTRODUCTION

The 4340 steels are used in the aerospace indastspecific applications as in Brazilian satellisgeinch vehicle
and in aircraft landing gear. This steel also idely used to manufacture others industrial comptnérat require high
strength. In order to attend this special usesara hwvork has been carried out to improve properigsstrength,
toughness, wear, fatigue and corrosion (Bhshan Gumgta, 1991, Ranieri et al, 2009). In most of tlases it is
necessary an agreement of heat and superficiairtesds.

An improvement on mechanical properties as fatiliigeand tensile strength in the AISI 4340 steeds been
obtained by heat treatment with phase transformaRoior researches using the phase transformptimeess gave rise
to the termed as a “dual-phase steel” (Hayami,at315) and subsequently the “multiphase steelsti£8 at al, 2008).
These structures were obtained through heat treétimean intercritical temperature, isothermal leermomechanical
treatment generally used in industry (Abdalla a2ab7).

The multiphase steel has microstructures with défie morphologies and volumetric fractions of iteapes, these
structures change significantly the materials prige In this way, different heat treatment givese to different
properties in agreement to the project (Sakuma, d1981). For instance, in order to improve theekteughness, total
or partial changes of the martensitic phase toiti@ior multiphasic structures can be used. Thigh kevels of strength
without significant loss of ductility can be keptlidalla at al, 2002).

Some works show that martensite, bainite, ferritd eetained austenite played important role (Matsanat al,
1987) on the material toughness. Due to the TRfBcef{Transformation Induced Plasticity), the angte phase
becomes to martensite during the plastic deformatontributing with the enhance of ductility artdesgth stress.
Isothermal treatment on a region of bainitic transfation can induce the retained austenite formaiiothe final steel
microstructure (Sakuma at al, 1987).
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In recent years, various surface treatment methads been applied in order to improve the surfaegacteristics
as: severe conditions of load, wear, and the cheroarrosion of the structure surface. Termochehtieatment, as
nitriding, nitrocarburizing and carburizing has beesed to improve of the superficial propertiesvaar, friction, and
corrosion resistance (Sirin at al, 2008; Podgoraild Vizintin, 2001). In this process is formedagdr with thin nitride
dispersion. This compound increases the superfiaialening and superficial compressive stresscieduvear and
increasing fatigue life (Nicoletto at al, 1996).0&cding to Bell (1991), the fatigue strength of thaterial can be
improved due the nitrocarburing treatmento andg Kriown that the improvement of fatigue strengtlinigdbenefits
from the surface compress residual stress. Reties also show that the creep properties campeoved with
treatments nitrocarburizing (Abdalla, 2010)

So far, researches have been carried out to gieeto properties improvement by heat treatmentsauperficial
properties by termochemical treatment. There is aoy information about superficial treatment inflae on
mechanical and microstructural properties obtaimgdheat treatments. In this work results aboutrtiticarburizing
influence on AISI 4340 steel microstructure undeeé¢ different heat treatment conditions are shaaustenitized,
guenched in oil and tempered; austenitized, quehthealt bath and cooled in water (isothermic) andealed. There
are analyzed also the influence of the layer forroadthe fatigue life, creep, tensile and wear prige and the
relationship with each type of microstruture formédoreover, compound layers properties formed om ttiree
superficial structures are shown and analyzed.

2. EXPERIMENTAL PROCEDURE
2.1. Material
The material used in this work was the AlISI 434&ektthe chemical composition was show in Table 1.

Table 1: Chemical composition of the elements

Elements C S P S Mn Cr Ni Mo
4340 (% peso) 0,39 0,0010 0,017 0,260,64 0,80 1,82 0,22

The steel was received in hot rolled plates whicm® thick. The tensile, fatigue and creep specimeas
machined in according with the ASTM technical stzad.

2.2. Heat treatment

Three kinds of samples were respectively submitte@ heat treatment: normalized, quenched/tempaned
isothermal transformation in controlled salt bathe details of this treatment are shown in Table-2.

Table 2: Heat treatments
Heat Treatment Description
Normalized Annealed at 900°C — (3.6 ks). Cooleditin

Quenched and| Austenitized at 900°C — (1.8 ks). Quenching inaoitl tempering
Tempered at 400°C — (7.2 ks).

Isothermal Austenitized at 900°C — (1.8 ks). Isothermally ®fanmed in a
Transformation| salt bath at 320°C — (0.9 ks) and Cooled in water.

2.3. Nitrocar burization Thermochemical Treatment

The samples were polished with 150, 220, 280, 320, 600 and 1000, 1200 grades emery papers anddhe
nitriding treatment was applied at industrial idtriding furnace from Metal Plasma Company, whice pulsating
direct current glow discharge technology. Specimeere ion nitriding for 3 hours at 500°C with 75%-N23.5%H —
1.5% CH, as treatment gas.

2.4. Microstructure, microhardnessand XRD test

Microhardness by a Vickers microhardness testee werasured by using a weight equal to 50 gr. THa
layer was characterized by means of an X-ray diftnmeter using Cui{ X-ray tube }=1.5405A°). The samples were
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mechanically polished by using alumina slurry asdicrostructure was analyzed by optical microycapd the
fracture surface was observed by SEM (ScanningiBledlicroscope) in a LEO 1460 VP equipment.

2.5 Mechanical Properties

The mechanical properties were available by thiferdnt tests: tensile, axial fatigue and creepthis work was
verified the influence of heat treatment and thmpound layer formed by the thermochemical treatméné tensile
tests were made in a EMIC DL 2000 machine, threepéas were used for each treatment parameter. &itypié tests
were carried out in a MTS hydraulic machine usirfgeguency of 25 Hz and a stress ratio of 0.2. dileep tests were
conduced at 650 and 750 °C in a Testing Laboratbtlye Technological Institute of Aeronautics (ITA)

3. RESULTS AND DISCUSSION

The Fig.1.a shows, by optical microscopy, a mictadtire of the normalized 4340 steel, can see aligia ferritic
structure (white) and perlitic (dark). The micrestiure of the tempered martensite obtained by ciegcand
tempering process is shown in the Fig.1.b., by lieiat treatment the hardness and tensile stremgtimproved. The
bainitic structure formed in isothermal transforimatcan be seen in Fig.1.c, is observed a refingtruncture and an
improvement in the aspect of acicullarity, thisisture bettered the properties similarly that tinecture with tempered
martensite.

Figure 1. 4340 steel microstructure(MO): (a) Noiized; (b) Quenched and Tempered; (c) Isothermakfeaimation.

5

The Fig.2a, b and ¢ show images obtained by cohfaser scanning microscope (LSC) layer of nitriftasned
after the plasma nitriding treatment in each ofttivee microstructural conditions studied, the tageabout 14m and
a very high hardness (~ 900HV). In images of Figi@ observe the white layer of nitride on the acef with small
variations in thickness, and near of layer, indtfuse region, there is a more intense preciftadf nitrides near the
grain boundaries, this effect forms a gradientedfuced hardness in the direction of the core satiestr

Figure 2. 4340 steel microstructure (MO): (a) Ndireal and Nitrocarburized; (b) Quenched and Tenthere
(c) Isothermal Transformation.
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The microhardness profiles obtained after the itnding on the three heat treatments conditiores sttown in
Fig.3. The higher hardness value was measuredeoguiinched and tempered surface steel (94&8I\VA hardness of
875 HV was measured on the layer for the other treatment conditions. The diffuse case depth désired 130um.

This layer thickness and region of atomic diffusitreates a excelente protector barrier againsbsion (Abdalla et
al, 2010).
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Figure 3. 4340 steel microhardness profile: Quedr@mpered, Isothermal transformation and Normelize

There is a substrate hardness reduction afteritoding. It happens during the nitrocarburizingppess at 500°C
because the steel sample is under another tempeytig, by this treatment the internal structuretted steel will
recover and the phases martensite and bainitgredipitate carbides. The largest of the hardnedgation around 100
HV, occurs during isothermal treatment with bamitructure as shown in the Table 3. Similar resualiquenched and
tempered material conditions were obtained by cdinéinors (Lee at al, 1999).

Table 3 Substrate hardness fluctuation after ion nitriding
Substrate Hardness iy |

lon Nitriding Heat Treatment
Normalizing Quenching/Tempering Isothermal
Without Treatment 341 505 498
Nitrocarburizing 330 450 400

The peaks of X-ray diffraction diagram of AlISI 43dteel were identified and their origin fraxdFe structure. The
XRD diagram of the nitrocarburized surface on tireé¢ conditions of heat treatment revealFe,3N], y'-[ Fe;N] and
a-Fe phases. On the quenched and tempered contdiggoroportion among phasgsy’ and a-Fe was 59%, 29% and
12% respectively. Thus the nitrocarburizing procass00°C (during 10.8 ks) gave rise to a compdaper where the
e-phase prevails. Similar results were obtaineti@sme treatment conditions by Sirin et al (200B& XRD diagram
of the nitrocarburizing specimens on the three treatment conditions is shown in Figure 4.

The Tab.4 shows the mechanical properties in eiasitl hardness for steel in three heat treatmenditoaans before
and after the plasma thermochemical treatmens dibserved that the permanence at a temperat&@0of C in the
plasma chamber caused a decrease in hardness siflitate, however, in despite of the increadeamness of the
layer surface. The yield and strength limits shoreduction too, it occurs due the recover of thecstire. Is noticed
that occur a reduction in ductility, this phenomeidicate a probable precipitation in grain bourea
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Figure4 - AISI 4340 XR Diffratometer: Nitrocarburizing on #e heat treatment conditions.
Table 4 - Hardness and Tensile Properties of 4348I with Different Microstructures
Heat Treatments and Yield Tensile Elongation| Substrate
nitrocarburising Plasma (MPa) strength (%) hardness
(Steel 4340) (MPa) (HVo,09
. without plasma 1189+18 1297+11 11,7+0,9 34148
Normalizing with plasma 1073210 1113731 10,3211 33047
Quenching/ without plasma 1597423 1859447 9,4#0,6 505+12
Tempering with plasma 1128+#15 1274429 7,940,5 450411
without plasma 1280#12 1448+23 10, 940,9 498+15
Isothermal .
with plasma 1138#17 1245419 9,840,7 40049

The graphs of Fig.& andb show the influence of microstructure and the pksmatment on fatigue properties. It is
observed from the graph in Fig.5 that after treatnoé nitrocarburizing, a reduction in the fatiguerformance for the
annealed steel, with an increase in fatigue limitsteel with tempered martensite structure arigrafeant
improvement for the steel with bainitic structufée reduce in hardness an the tensile propertid®eainnealed steel
appears to have affected the fatigue propertiaestheosteel with structure of martensite, the réidnoof tensile
properties, affect only the region of low cycleidat, with improvements in fatigue limit. The conopal layer formed
was more beneficial to the steel with bainitic stawe and the reduction in tensile properties adiess did not affect
the fatigue performance.
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Figure 5 - SN Fatigue Curves for the microstrudtaomditions studied: a) before plasma
thermochemical treatment and b) after appéioaof plasma treatment of nitrocarburizing.

It is observed from the graph in Fig.5 that, afteatment of nitrocarburizing, the reduce in hasdnen the tensile
properties of the annealed steel appears to héeeted the fatigue properties. For the steel withcsure of martensite,
the reduction of tensile properties, affect only thgion of low cycle fatigue, with improvementdatigue limit. The
compound layer formed was more beneficial to teelswith bainitic structure and the reduction insiée properties
and hardness did not affect the fatigue performance

The results of creep tests show that the microstres formed show variation in properties. Aftemgrha treatment,
a reduction in creep rate and an increased timeinegtj for fracture for 4340 steel under the coodisi studied. The
tab.5 shows that occurrence, for the test temperatfu600°C and the tensile strength of 200 Mp. dbserved that for
the three microstructural conditions studied, thierfation of the nitride layer had a very positifieet to reduce the
creep rate and increase the time required for lgmkGenerally, the processes of creep fracturéndiated on the
surface and the layer formed, delays the onsetofuire and increases the time required for ictun
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Table 5.Parameters and results of creep tests

AISI 4340 steel T[°C] | 0 [MPa]| & [1/s] | t[s] | & [mm/mm]
Bainitic structure 600 200 0,0876 8388 0,3376
Normalized condition 600 200 0,05919 9240 0,3334
Quenched and Tempered 600 200 0,1265 6721 0,725
Bainitic structure + Nitrocarburizing 600 200 0,0890 12600| 0.3195
Normalized condition + Nitrocarburizing 600 200 31 | 13439 0,3153
Quenched and Tempered + Nitrocarburizings00 200 0,06162 9299 0,223

4. CONCLUSIONS

- Steel structures have been altered due to hesttrient, tempered martensitic and bainitic strestimcreased levels
for yield and tensile strength , with advantagéh®bainitic structure, which shows better dugtilit

- The application of plasma thermochemical treatnfiemmed a layer with high hardness (900HV) andkhess of
about 1@m and a diffuse layer of around130 micrometers;

- After the plasma treatment the substrate wascextibhardness with lower levels of tensile strerigtisteel in
quenched and tempered condition and to the batgwoticlition. In the normalized structure occursraprovement in
strength, probably due to an aging process.

- The plasma treatment applied and the compouret faymed, altered the fatigue curves for the thmézrostructural
conditions, with an interesting and promising regui the bainitic condition, showed better perfame in the curve
of fatigue, the fatigue limit increased to a vatlese to 900 MPa.

- The plasma treatment applied shows that this seiffager has influence in creep test, improvingtiime for fracture
and reducing the creep rate.

5.ACKNOWLEDGEMENTS

The authors thank the FEG / UNESP, IEAv / CTA, EELSP and support bodies to encourage research SRPE
CAPES (Pr6-Defesa 014/08), CNPq and FUNCATE.

6. RESPONSIBILITY NOTICE

The authors are the only responsible for the pdimaterial included in this paper.

7. REFERENCES

Abdalla, A. J. ; Carrer, I.R. ; Barbosa, M.J.R.; W& Neto, C. , 2010. Estudo de Fluéncia em aco8 48 diferentes
Microestruturas e Tratamento de Carbonitretac@lasnia. Proceedings of Congresso Brasileiro de Eagene
Ciéncia dos Materiais, 2010, Campos do Jord&o,ilBraz

Abdalla, A. J. ; Moura Neto, C. ; Hashimoto, T. MPereira, M. S., 2007. Tratamentos Térmicos pdfarmacao de
Bainita em Acos Multifasico de Baixo Carbono. Pextiags of 62° Congresso Internacional Anual da ABM)7,
Vitéria ES, Brazil.

Abdalla, A.J., Hashimoto, T.M., Moura Neto, C., Meino, W.A., 2002. Proceedings of 8° Int.Fatiguen@ress, v.4,
p.2263-2270, Sweden.

Andrade, S.L.; Batista, J.F.; Taiss, J.M.; RosH,,12002. Proceedings of 57th Congresso da AsségiB¢asileira de
Metalurgia e Materiais, S&o Paulo, Brazil.

Bell T. Gaseous and Plasma Nitrocarburizing, 128M Handbook, vol.4, ASM International, Materialark, Ohio,
p. 425-36.

Bhshan, B., Gupta, B.K., 1991. Handbook of TribglegMaterials, Coatings and Surface Treatments, idacHill,
New York, EUA.

Hayami, J., Furukawa, T., 1975. Microalloying, Viach p.78-87.

Lee, W.S., Su, T.T., 1999. Journal of Materialsdessing Technology, v. 87, p.198—-206.



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

Matsumura, O.; Sskuma, Y; Takechi, H., 1987. Taatiens ISIJ, v. 27, n. 7, p. 570 — 579.

Nicoletto, G., Tucci, A., Esposito, L., 1996. Wé&&7, p. 38-44.

Podgornik, B., Vizintin, J., 2001. Material Scierared Engineering A315, p. 28 — 34.

Ranieri, A., Baggio-Scheid, V.H., Suzuki, P.A., Aiid, A.J., Plasma Nitrocarburizing Treatment 344 Steel.
Proceedings of COBEM - 2009 - International CongiefsMechanical Engineering, 2009, v. 01. p. 01-06.
Gramado RS, Brazil.

Sakuma, Y., Matsumura, O., Takechi, H., MetalluagjiEransaction, v.22A, 1991.

Sakuma, Y.; Matlock, D. K.; Rauss, G. K., MetalligaJ Transactions, v.23 A, p. 1221-1232,1992.

Sirin, S.Y., Sirin, K., Kaluc, E., Materials Chatezation 59, p. 351 - 358, 2008.

Souza, G.A., Elisei, C.C.A., Abdalla, A.J., Hashtmadl .M., Pereira, Anais do 63°Congresso Anual 8MACDROM,
pg.2791-2799, 2008.



