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Abstract


This article compares the creep testing behavior of AISI 4340 high-strength steel in the as-received and coated conditions. The coating material used was a NiCrBSi self-fluxing alloy. The microstructural characterization was carried out using optical and scanning electron microscopy. The creep tests were conducted at a temperature of 550 °C and with loads of 200, 250, and 300 MPa. The microstructure analysis of the deposited layer revealed some inclusions, very low porosity, and good adhesion to the substrate. The results of the creep tests indicated a decrease in the time to rupture under loads of 250 and 300 MPa for the coated steel. At a load of 200 MPa, the coated steel presented longer times to rupture and higher yield strength, demonstrating an improvement over the uncoated steel under these test condition. The fracture surface inspection showed a failure by a ductile fracture in both samples, with and without coating.
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1. Introduction


AISI 4340 steel is classified as ultra-high strength with medium carbon content and low alloying elements. It is widely used in the aeronautical and automobile industries because of its high mechanical resistance, particularly in creep conditions [1]. However, this alloy may be subject to oxidizing environments and mechanical stress at high temperatures. In these situations, a surface treatment has been indicated to maintain a high mechanical resistance [2]. The quenching process is used to harden the alloy by heating it to the austenitizing temperature followed by fast cooling [3,4]. Under creep conditions, grain boundary slip occurs. The grain size of a polycrystalline material results from several manufacturing processes, such as thermal and mechanical treatments. It is generally accepted that the creep rate decreases as the grain size increases [5]. Protective coatings are often applied to steels to enhance their performance under more severe conditions, including wear and corrosion. With a protective coating or a surface modification process, the substrate response to mechanical and thermal solicitations has been found to behave differently [6,7]. The coating may influence mechanical behaviors by changing the stress field at the surface level. Several researchers have studied the impact of coatings on the mechanical properties of materials, but there is still little consensus among them [8,9,10,11,12]. For some authors, depending on the surface treatment process, the deterioration in mechanical properties of the coated alloy results from a decrease in the load-bearing section [8,10]. Others have suggested that the microstructure in the matrix caused by heat treatment is the main factor [9]. Additionally, brittle intermetallic compounds can create vertical and interface cracks under creep stress, contributing to the poorer mechanical properties of the coated materials [11,12]. Therefore, the influence of specific coatings on the properties of the substrate still needs to be clarified.



The influence of coatings or surface modifications on metallic substrates, specifically steels, has been studied. However, there is no full agreement on the benefits of surface modifications on the creep behavior of the coated samples. Zhang et al. [13] conducted a study on the influence of plasma sprayed NiCr and NiCrAl coatings on the creep resistance of a nickel alloy at 760 °C. They found that the coatings had a beneficial effect on improving the creep resistance of the substrate. The coatings had a final thickness of 300 µm and the creep tests were performed at low stress levels, ranging from 55 to 95 MPa. For all the coated specimens, tertiary creep governed the total creep deformation.



In another study, Zhang et al. [14] assessed the creep behavior of 9Cr-1Mo steel with an MCrAlY coating. The coating was applied by HVOF (High Velocity Oxygen Fuel) spray process at a thickness of 280 µm. The coating had a beneficial effect on the creep resistance of the steel by reducing the cross-sectional stress and preventing oxidation attack on the substrate during creep tests at 550 °C and loads between 197 and 233 MPa. It generally reduced the creep rate and prolonged the onset of tertiary creep, leading to an increase in the creep life.



Xu et al. [15] studied the influence of an aluminide coating deposited on commercial T92 steel by pack cementation. The creep rupture life of the coated and uncoated T92 was investigated, showing that the rupture life of the coated T92 decreased by 46% at the creep stress of 110 MPa and 675 °C compared to the uncoated steel.



Self-fluxing coatings were developed in the 1950s as nickel alloys with the addition of Cr, B, Si, and C [16]. Boron and silicon were added to nickel to improve flux properties, forming borosilicates, which protect against oxidation, and together with chromium, lower the melting temperature of pure nickel, being indicated for protection of the base material to improve its lifetime utility [17]. The Ni-Cr-B-Si coating was studied in working conditions that combined wear, corrosion, and high temperatures [18].



Self-fluxing coatings are applied by several processes, one of which is the widely used atmospheric plasma spray (APS) [19]. The APS technique uses an electric arc as a heat source, generating high temperatures in a plasma jet. It produces high-density coatings and high adhesion to the substrate, with the material applied in powder form. Oxygen from the air can enter the plasma jet, forming oxides, which is characteristic of this coating type [20]. However, this method can lead to irregularly shaped pore, and coatings are subject to the formation of interconnected porosity due to a lack of fusion of sprayed particles or the expansion of gases generated during the deposition process [21]. As a result, self-fluxing coatings often require post-treatment, such as remelting. This can improve adhesion, density, and the presence of pores and interlamellar voids [22].



However, the remelting process can cause residual stresses and cracks in the coating. If there is no reasonable temperature control during remelting, phase transformations may also occur, leading to the appearance of cracks. The remelting process also generates additional costs to the process [23]. In high-temperature applications, premature failure of 4340 steel is associated with creep deformation [24,25]. Therefore, this study aims to analyze the impact of self-fluxing coating applied by air plasma spray on AISI 4340 steel under creep conditions. The results are compared with the original steel substrate.




2. Materials and Methods


The samples were prepared for the creep tests using AISI 4340 steel without heat treatment, as illustrated in Figure 1. The samples were machined in compliance with the ASTM E139-11 specification [26] for creep tests from a commercially available 5/8-inch round bar. The chemical composition of the AISI 4340 steel used in this study meets the ASTM A29/29M standard [27], as shown in Table 1. The melting point of AISI 4340 steel is 1505 °C.



Diamalloy 2001 alloy (Oerlikon Metco, Westbury, NY, USA) was used as coating material, with spheroidal morphology and particle size distribution ranging from −45 to +15 μm. The chemical composition is provided in Table 2. The coating was applied by atmospheric plasma spray (APS) using the parameters outlined in Table 3. The equipment used was the Thermach AT3000, plasma torch SG-100 (Thermach, Appleton, WI, USA), with Mach 1 configuration, coupled with a Staubli 6-axis robot (Staubli, Duncan, Sc, USA).



The samples were grit blasted with Al2O3 and then cleaned with deionized water. Immediately before coating deposition, preheating was performed by three passes of the plasma torch at a temperature of 200 °C. Figure 2 depicts a specimen for the creep test, both as it was received and after being coated.



Uniaxial tensile creep tests were conducted using loads of 200, 250, and 300 MPa at a temperature of 550 °C. The Zwick–Roell equipment, model KAPPA 10DS (Zwick-Roell, Ulm, DE), was used for the tests, equipped with a Eurotherm 2604 (Eurotherm, Campinas, SP, Brazil) temperature controller, a transformer linear variable differential (LVDT-Linear Variable Differential Transformer) HBM 1-WA/50MM-T, a Stegmaier-Haupt RX330CR1 servomotor, a split Zwick–Roell furnace, Xforce K load cell (10 kN) and proprietary software “testXpert II” (Zwick-Roel, Campinas, SP, Brazil). One individual sample was tested for creep under each load and coating condition.



Optical microscopy analyses were carried out on a cross-section of coated samples using the Olympus microscope model OM-BX60M (Olympus, Waltham, MA, USA). The samples were prepared by standard metallography procedures involving different sandpapers and subsequent polishing. After the creep test, fractographic analyses of the coated and uncoated samples were performed using a scanning electron microscope (SEM) JEOL JSM-6510 (JEOL, Peabody, MA, USA), coupled to an energy dispersive spectrometer—EDS. Vickers microhardness measurements were taken on the surface of the coated substrate with the Zwick–Roell—EMCO-TEST machine (Zwick-Roell, Ulm, DE).




3. Results and Discussion


3.1. Microstructural Characterization


The applied coating exhibited good adhesion to the substrate and the typical porosity characteristics of such coatings, as shown in Figure 3. It is also possible to observe some porosity in the coating and some oxidation at the coating-substrate interface. This thin layer (around 2–4 µm) is present along almost the entire coating/substrate interface. It might have been present because the sample has gone through the blasting process with Al2O3, in addition to sample preheating. Grit blasting induces compressive residual stresses, which depend strongly on the blasted material, blasting material and grit size, blasting time, angle between nozzle, and blasting pressure. Compressive stresses occur below the blasted surface due to plastic deformation of the material, distributed in a very thin layer beneath the surface. The affected zone and the value of the compressive peak increase strongly with grit size, blasting pressure, and blasting time [29]. The subsequent spraying process is more significative in changing the “composite” material (substrate + coating) properties than the blasting process alone [30].



Microstructural analyses revealed an average coating thickness of 100 µm, with a tolerance of +15/−10 µm. The microstructure of the substrate as received was also observed by optical microscopy. The substrate did not receive heat treatment, characterized and tested as supplied. After chemical etching using a 2% Nital reagent, the present phases displayed shades of gray. In Figure 4 and Figure 5, it is possible to observe the material’s microstructure, before and after coating process, respectively, consisting of a mixture of more resistant phases enriched with carbon (perlite, bainite, and martensite), a typical structure of AISI 4340 steel [31].



The microhardness of the coating was measured at ten different points along the center of the coating thickness, spanning horizontally across the cross-section. The average microhardness was 1116 HV0.5, with a variation of 30% between the highest and lowest value, which can be explained by the pores and non-homogeneity of the material. Kazamer et al., in a study evaluating a similar alloy applied by Flame Spraying on low-alloy steel, found a maximum hardness of 890 HV0.3 with 30% variation for the as sprayed coating without remelting [32].




3.2. Creep Test


Table 4 presents the results obtained in the creep tests at 550 °C, equivalent to 0.36 of the melting temperature of AISI 4340 steel (1427 °C), with stresses of 200, 250, and 300 MPa. The primary time (tp), the secondary creep rate (  ε s  ), the final creep time (tf), and the final strain (εf) are detailed.



The secondary creep rate decreased for the coated sample at a load of 200 MPa, which indicates an increase in creep resistance at this temperature and load. The time to fracture in this condition was longer. At the lower test load the presence of the coating inhibits substrate deformation in tension, accommodating stresses at this loading level, reducing the cross-sectional stress and avoiding oxidation of the substrate during long time creep. There was no spalling or cracking of the coating on the gauge section of the tested sample prior to the final narrowing caused by the deformation of the underlying material. According to previous works, the coated samples have presented a better behavior in creep tests for coated or treated samples at low loads from 70 to 230 MPa [12,13,14]. In such circumstances, both the coating and steel substrate can be considered as a composite system that sustains the entire creep load during the testing phase, which has been confirmed by other authors [13,14]. According to the research of Zhang et al. [14], the coating’s presence generates a division in the applied load between the coating and substrate, decreasing the load that the substrate endures. Under higher loading conditions of 250 and 300 MPa, the secondary creep rate increased for the coated sample. The time to fracture decreases for the load of 250 MPa and 300 MPa. This result can be attributed to oxides, leaving the coating layer brittle and subject to fracture at higher loads. It can be also concluded that the increase in creep rate for higher test loads is caused by early failure of the coating then transfering all the load to the substrate. The atmospheric plasma coating process generally presents oxidation of the coating in two stages, during the flight of the particles in the spray and at the moment of impact on the substrate [33]. Experimental results have shown that the Ni-based coating has a low tendency to oxidize during the spraying process but tends to oxidize after impacting the substrate [34]. Since only one sample was tested for each condition, no definitive statement can be made from this study. The tendencies observed here require further confirmation.



The creep curves obtained at 550 °C and 200, 250, and 300 MPa, corresponding to the deformation as a function of time, are shown in Figure 6, Figure 7 and Figure 8 for conditions with and without coating. It is possible to observe in the analysis of the creep curves that, even in the tensions of 250 and 300 MPa, the deformations are minor for the samples coated in the first hours of the test, while this trend inverted with the passage of the loading time.




3.3. Fractographic Analysis


The fractography images of the creep tested samples are shown in Figure 9 for the uncoated samples, and in Figure 10, Figure 11 and Figure 12 for the coated samples at different loads. In all samples, it is possible to observe the presence of microcavities, pointing to an intergranular ductile fracture as defined by Evans and Wilshire [35]. Under high temperatures, microfractures occurred along the grain boundary in an intergranular manner as in the case of those identified by Zhao et al. working with welded joints (cc) [36]. External stress can cause grain boundary sliding, leading to crack initiation and deformation of the specimen leading to failure. The results agree with the morphology of the fracture surface defined in the work of Ranieri that assess the behavior of plasma nitrided 4340 Steel [37]. In plasma nitrocarburizing coating work on AISI 4340 steel, performed by Li et al., the creep failure morphology had similar aspects, with microcavities and ductile fracture, both in coated and uncoated conditions [38]. The coated specimens show good adhesion to almost the entire perimeter of the sample under conditions of 200 and 250 MPa, with partial detachment in some areas. At 300 MPa, detachment occurred around the entire perimeter in the fracture region. The coating layer shown in Figure 11c reveals characteristic deposition for this type of coating [39]. The predominant mechanism in these tests were the formation and coalescence of microcavities [40].



For the coated specimens subjected to loads of 250 and 300 MPa, the creep rate and the final rupture time were found to be lower than those of the uncoated sample, as indicated in Table 3. Residual stresses may have arisen on the coating due to the rapid cooling process during atmospheric plasma deposition [41]. These stresses are crucial in atmospheric plasma coatings, as they can cause coating deformations or the formation of cracks [42].



Figure 13 shows the sequence of micrographs of the sample tested at 300 MPa, where the most extensive coating detachment occurred from the crack region (a) to approximately the middle of the sample (d). It is possible to observe that the separation of the coating around the crack is not observed throughout the entire specimen, concentrating on the portion closest to the crack. One can also clearly see several fractures in the coating, which can reduce coating resistance and lead to a decrease in the creep rate [43].



Figure 14 shows an intermediate oxide layer between the coating and substrate. This thick oxide layer can be seen along the entire coating/substrate interface. As the oxide layer between the substrate and the coating prior to the creep test was very thin, it can be concluded that an oxide layer of 10 to 15 µm formed during the test due to the high temperature. In the APS process, oxidation is typically divided into two stages: oxidation during particle flight and upon impact with the substrate. It is known that the amount of Si, B and C affects oxidation in the APS process, and that oxidation after impact is superior to oxidation during particle flight. The formation of the oxide layer is affected by environmental and temperature conditions, and the microstructure of the coating. This leads to the formation of a continuous layer between the substrate and the coating. The initial oxide layer that was identified from the coating was very thin, around 2 µm.



This study has some limitations that prevent further conclusions from being drawn. These limitations are the reduced number of tested samples, the influence of the increased test temperature, and variations in the coating thickness. Further investigations are required to determine the reason behind the failure of the coated samples at loads exceeding 200 MPa at this particular test temperature. Currently, creep tests are being developed at the same loads but at higher temperatures, which will aid in comprehending the impact of the coating on the creep behavior of AISI 4340 steel. X-ray diffraction is scheduled to be conducted to determine the phase content and influence of any possible phase formations.





4. Conclusions


The following are the main conclusions that can be drawn from this study




	
The samples coated with a nickel-based self-fluxing alloy promoted an increase in the final rupture time during creep and a decrease in the creep rate in stage II (stationary) under the stress load of 200 MPa.



	
At loads of 250 and 300 MPa, the creep rate was higher for the coated sample.



	
At loads higher than 200 MPa the effect of the coating is harmful to the substrate at tensile creeping by initiating the crack nucleation and further propagation.



	
Crack propagation showed a ductile behaviour, leading to failure due to mechanical overload, in line with work carried out with this type of steel.



	
The detachment of the coating in the crack region occurred due to mechanical overload, mainly at loads higher than 300 MPa.



	
The oxide layer formed between the coating and the substrate can cause a decrease in adhesion, resulting in lower creep resistance at higher stresses.
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Figure 1. Creep test sample according to ASTM E139-11 (dimensions in mm). 
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Figure 2. Samples for creep testing (a) as received and (b) coated. 
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Figure 3. Optical microscopy image of the cross-section of the coating. 
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Figure 4. Optical image of AISI 4340 microstructure as received. 
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Figure 5. SEM image of the microstructure of AISI 4340 steel after coating process. 
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Figure 6. Creep curves at 550 °C/200 MPa. 
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Figure 7. Creep curves at 550 °C/250 MPa. 
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Figure 8. Creep curves at 550 °C/300 MPa. 
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Figure 9. Images of the fracture surface of the uncoated specimen at 550 °C with the stress of (a) 200 MPa, (b) 250 MPa, and (c) 300 MPa. 
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Figure 10. The fracture surface of the coated sample at 550 °C and 200 MPa: (a) full section, (b) enlargement of the upper right side, (c) detail of the partial coating detachment, (d) detail of the adhered coating. 
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Figure 11. The fracture surface of the coated sample at 550 °C and 250 MPa: (a) full section, (b) enlargement of the upper right side, (c) detail of the partial coating detachment, (d) detail of the full adhered coating. 
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Figure 12. The fracture the surface of the coated sample at 550 °C and 300 MPa: (a) full section with completely detached coating, (b) enlargement of the left side, (c) detail of the coating characteristic microstructure. 
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Figure 13. Optical longitudinal cross section images of the coated sample at 550 °C and 300 MPa showing the adhesion of the coating to the substrate and some fractures of the coating at (a) left side, (b) center-left, (c) center-right, (d) right side. 
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Figure 14. Cross sectional longitudinal optical images of the tested sample with the oxide layer formed on the substrate. 
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Table 1. Chemical composition of AISI 4340.






Table 1. Chemical composition of AISI 4340.





	Element
	C
	Mn
	F
	S
	Si
	Ni
	Cr
	Mo
	Fe





	%weigth
	0.38–0.43
	0.6–0.8
	0.035
	0.04
	0.15–0.35
	1.65–2.0
	0.7–0.9
	0.2–0.3
	Bal.










 





Table 2. Diamalloy 2001 self-fluxing alloy composition [28].






Table 2. Diamalloy 2001 self-fluxing alloy composition [28].





	Element
	Ni
	Cr
	B
	Si
	C
	Fe





	% weight
	Balance
	17
	3.5
	4
	1
	4










 





Table 3. Atmospheric plasma spray parameters.






Table 3. Atmospheric plasma spray parameters.





	Parameters
	Value





	Argon flow rate
	53 L/min



	Hydrogen flow rate
	1.6 L/min



	Carrier gas flow rate
	2.8 L/min



	Powder feed rate
	25 g/min



	Current
	750 A



	Standoff Distance
	100 mm










 





Table 4. Results of creep tests at 550 °C.






Table 4. Results of creep tests at 550 °C.





	
s (MPa)

	
Condition

	
tp (h)

	
     ε s    ( 1 / h )    

	
tf (h)

	
εf (mm/mm)






	
200

	
Pristine

	
10.01

	
5.264 × 10−5

	
144.77

	
0.016




	
250

	
8.00

	
0.521 × 10−4

	
65.98

	
0.009




	
300

	
2.00

	
3.645 × 10−4

	
13.47

	
0.010




	
200

	
Coated

	
10.01

	
1.315 × 10−5

	
187.23

	
0.0157




	
250

	
3.21

	
1.206 × 10−4

	
50.44

	
0.015




	
300

	
1.00

	
5.354 × 10−4

	
12.93

	
0.018

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
Strain

0.016

0.014

0.0124

0.010

0.008

550 °C 250 MPa

= Uncoated .
@ Coated






media/file4.png





media/file18.png
SE

2E
ENZ

AKE
AC
X






media/file21.jpg





media/file26.png
g
e T T e e o LR AT T e e,






media/file27.jpg





media/file3.jpg





media/file22.png
SEI 30kV  WD17mm SS58 500pm SEl ~ 10kV “‘WD13mm SS50 x300 50um.
MACKENZIE 0000 22 Aug 2022 MACKENZIE PAr2 Rey 2 0000}

3

\SEI 10KV, ~WD1dmm 8850 X300 S0pm  —
MACKENZIE PAr2 Rev 0000 13 Sep 2022






media/file19.jpg





media/file7.jpg





media/file28.png
e layer

... oxd
j k& ~ .;ql(.-.-,._ .






media/file10.png
o~
o~
o
™~

>

=}
=
~
-

WD9mm S§827

20kV

SE






media/file14.png
Strain

97016 & 550 °C 250 MPa
. m Uncoated °
0.014 - ¢ Coated
0.012 - .
0.010 + -
! *
0.008 - ©
A ®
* a2
0.006 i ...' ! 2"
0.004 - o' _gaa®"
‘ -
0.002 - an®
} |1
0.000 +——1—— : : e
0 10 20 30 40 50 60

Time (h)





media/file11.jpg
550 °C 200 MPa

= Uncoated
@ Coated






media/file6.png





media/file15.jpg
Strain

0.020 4

0.016

0.012

550°C 300 MPa

= Uncoated
@ Coated






nav.xhtml


  metals-13-00763


  
    		
      metals-13-00763
    


  




  





media/file29.png





media/file16.png
Strain

0.020 -

550 °C 300 MPa
m Uncoated s
® Coated
0.016 -
1
0.012 4
* =2
&
0.008 - T B
i 3]
o.. I..
0.004 - tqu™’
: R
—ﬁ- B
2]
0.000 42 oo 8¢ . . . -

Time (h)





media/file2.png
S'T X OLW peeagmensg

22.5

18.5
84.5

(48 3

10






media/file20.png
SEI  30kV WD12mm 5548 200pm  —

SEl  30kV WD12Zmm S548 500pm  e—
MACKENZIE( 550 C 200 MPa C/ Revest) 0000 06 Oct 2022

MACKENZIE( 550 C 200 MPa C/ Revest) 0000 06 Oct 2022

SEl  30kV WD13mm 5548 200pm  — SElI  30kV 5548
MACKENZIE( 550 C 200 MPa C/ Revest) Q000 06 Oct 2022 MACKENZIE( 550 C 200 MPa C/ Revest) 0000 06 Oct 2022






media/file23.jpg





media/file5.jpg





media/file24.png
SEI 30KV WD12mm  S559 500pum SEI 30KV WD12mm 3 100pm
MACKENZIE 0000 22 Aug 2022 MACKENZIE 0000 22 Aug 2022

SEl  30kV WD12mm 5559 x1 100um
MACKENZIE 0000 22 Aug 2022






media/file1.jpg
ST X0 poeIIReRS

us

07

10

o





media/file25.jpg
(a)

(c)

200 ym





media/file12.png
Strain

g 550 °C 200 MPa
0.018 - m Uncoated
@
— Coated y i
0.014 -
0.012 -
0.010 - »
]
il
0.008 - - 5
[}
0.006 - = .
n® @
4
0.004 - I .
0.002 - s
| .'-. o & & 0
0 000 -1.'!‘: 1 o 1 = 1 " I ¥ ' - I % 1 2 1
0 25 50 75 100 125 150 175 200

Time (h)





media/file9.jpg
SEl 20kV  WD9mm  S$S27 X2,000  10pm  —
0000 17 Nov 2022






media/file8.png





media/file17.jpg





