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ABSTRACT  
 
Aim of this paper is to analyze the interface properties of a austenitic stainless steel cladded by carbon steel. The considered cladding process as performed by an 

external supplier was performed by submerged arc welding (SAW). A layer is created between stainless steel and carbon steel interface of the cladded plate, caused by 

chemical element diffusion.  High hardness local values were determined in the carbon steel at interface with stainless steel. Heat treatments were carried out aimed to 
remove such hardness peaks. Results show that a sub-critical heat treatments are not suitable to remove them. On the other hand, microstructure refinement as obtained 

by quenching and tempering (Q&T) heat treatment allowed e reduction of local steel hardenability with consequent interface hardness reduction. 
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INTRODUCTION 

 

Steel clad plates are widely used in several fields [1–3]: among them, carbon 

steel plates overlaid by nickel containing alloys (especially austenitic stainless 
steels) are one of the most commonly used material. In fact, they guarantee 

elevated tensile properties coupled with corrosion resistance, as a consequence of 

the presence of both carbon and stainless steel. As a matter of fact, due to their 
surface properties, stainless steels are applied in all fields facing challenging 

requirements of corrosion resistance [4,5]. It is known that they are widely used 

in automotive applications [6], as construction and building materials [7,8], in the 
energy sector [9-11], in aeronautical applications [12] and in food industry [13-

15]. Recently many efforts have been carried out aimed to develop stainless 

steels suitable for 3D printing by selective laser melting [16]. However, their low 
yield strength does not favor their application as structural materials. Based on 

the above considerations it is clear that overlaying carbon steel plates by stainless 

steels properly faces with several engineering applications requiring high tensile 
properties together with resistance in corrosive environments. Since the cladding 

layer correspond to about 20% of the total plate thickness, in this family of 

materials Cr and Ni contents are reduced in comparison to stainless steel plates 
with a following estimated material cost reduction ranging 30-50% [17, 18]. The 

most common methods adopted to clad carbon steel plates by stainless steels or 

Ni alloys include explosion welding [19], roll bonding and welding overlay [20-
22]. Focusing about welding overlay, it is worth to be mentioned that many 

welding methods are nowadays used: shielded metal arc welding (SMAW) [23], 

submerged arc welding (SAW) [24], tungsten inert gas welding (TIG) [25], CO2 
arc welding [26,27] and laser welding [28]. All these techniques were applied on 

order to clad Q235 carbon steel plates by AISI 304 stainless steel. It is anyway 

well known that also austenitic stainless steel could be attacked by corrosion 
phenomena [29] in severe aggressive environments. This is mainly due to 

chromium carbides precipitation at steel grain boundaries after material 

exposition at temperatures ranging 540–860°C. As a consequence of such 
precipitation, a local Cr content lowering is detected at grain boundaries: 

therefore the stainless steel loss its corrosion resistance. At same way, also clad 

plates will behave at the same way [30]. In such materials element diffusion at 
interface needs to be considered when evaluating the corrosion resistance. Many 

previous works reported that there is a diffusion width between the carbon steel 

and the welded overlay, making the stainless steel and carbon steel well bond 
together [31]. A large literature has been developed concerning, such aspect 

(e.g.[32]). Results showed that chemical element diffusion at the interface, 

appears is the main mechanism affecting the bonding of steel plate [33–34]. This 
mechanism is mainly affected by the overlaying conditions, which also a strong 

effect on microstructure at interface. Carbon and stainless steel interface is 

characterized by different microstructural features and properties determining the 
local mechanical characteristic of the clad plate. It is reported that following to 

element diffusion process a 15 μm layer is formed at interface. Such layer is 
characterized by stable mechanical characteristics. It is also shown that 

microstructure is not affected by any grain growth process [35]. The sub surface 

mechanical properties gradually changes moving along the thickness direction 
[36]. As a consequence such transition layer is beneficial generating a stable 

bonding between the two metals. This also assures a good mechanical resistance 

transition along the thickness. Carburization in the stainless steel side has been 
found and decarburization in carbon steel is detected [37]. Many studies were 

carried out aimed to assess the corrosion behavior at the inner surface of ultra-

supercritical boilers. Often a hardness peak is detected at stainless/carbon steel 
interface [38]: such peak needs to be carefully taken as low as possible for the 

possible deleterious effect they should excerpt in the material performance. 

Therefore, a specific heat-treatment is required in order to improve hardness 
values at metals interface [39-45]. 

Aim of this paper is to analyze the interface properties of a austenitic stainless 

steel cladded by carbon steel. The effect of heat treatment is reported in terms of 
microstructure and hardness at interface. 

 

EXPERIMENTAL 

Carbon steel was plates sizing 400 mm x 400 x 15 mm were cladded by an 
external supplier with AISI 316 L. Two welding passes have been performed. 

The steel was received in the Q&T condition. The two steels chemical 

composition is reported in Table 1. 
 

Table 1 Chemical composition (mass, %) 

Alloy Cr Ni Mo Mn C Fe 

AISI 316 L 18 8 1 1.5 0.02 Balance 

Steel A 0 0 0 1.0 0.20 Balance 

 
The welding supplier declared plate manufacturing process parameters were: 

weld metal dilution of 40%, 7 kg/h deposition, a deposit efficiency of 95%. Main 

welding parameters were: welding current=500 A, arc voltage=30 V, travel 
speed= 2 mm/s, stick out=35 mm, overlap=9 mm, heat input max=5.3 kJ/mm, 

preheat temperature=150 °C. A medium-C steel (steel A) was chosen as a 

substrate. Longitudinal and transverse metallographic specimens, taken from 
plates have been prepared for metallographic examination. In particular, the bi-

metals interface has been assessed by Light Microscopy (LM) and Scanning 

Electron Microscopy (SEM). The low-alloy steel has been etched by Nital 2%, 
whilst the microstructure of the AISI 316L weld overlay has been revealed by 

etching with 50% HNO3+50% H2O. Hardness through-thickness profiles have 
been measured (HV10) using steps of 0.3 and 0.5 mm at various locations on 

longitudinal sections. Specimens have been machined from the clad plate and 

heat treated at a laboratory scale. The effect of final heat treatment conditions on 
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hardness and microstructure have been investigated performing some stress-

relieving (SR) treatments on specimens machined from the clad plate. The 
original specimens have been also fully re-treated to simulate a Q&T treatment 

after cladding of as-rolled plates. The heat treated samples have been assessed for 

microstructure and hardness. The following cases have been considered: 
 

Table 2 Heat treatment conditions 

 Tests 

Material state Hardness Microstructure 

Q&T+ cladding √ √ 

SR at 640 °C √ √ 

SR at 660 °C √ √ 

Q&T (920 °C/ 670°C) √ √ 

Q&T (980 °/670°C) √ √ 

Q&T (1000 °C/670 °C) √ √ 

 

 

RESULTS 

Defects relating to the overlay welding process were not detected. The different 
welding passes are put in evidence. A first welding pass with 2.0-2.5 mm thickness 

is detected followed by a second one ranging 1.2-2.0 mm (Figure 1). The heat 

affected zone (HAZ) is easily recognized in steel A after etching (Figure 2). The 
coarse grained heat affected zone (CGHAZ) is detected between adjacent welding 

passes in proximity of the fusion line. A detail of the CGHAZ is reported in Figure 

2. Steel A microstructure is that typical of Q&T medium-C steels (Figure 3). The 
dendritic structure of the weld overlay (second pass) is evident in Figure 4.  

 

 

Fig. 1 Weld over-layed material (polished section) 
 

 

 

Fig. 2a Detail of CGHAZ (2% Nital etching) (LM image) 

 

Fig. 2b Detail of CGHAZ (2% Nital etching) (SEM image) 

 

 

 

Fig. 3 Steel A substrate (Q&T material) 
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Fig. 4 AISI 316L cladding (etching: 50% HNO3, 50% H2O) 

 
Examples of indentation array adopted to evaluate HV10 hardness thickness 

profiles are reported in Figure 5. The hardness profiles (Figure 6) report hardness 

peaks (e.g. 250 to 270 HV10) in steel A steel in proximity of the fusion line in the 
coarse grained heat affected zone. 

 

 

Fig. 5 Interface indentation through thickness profiles  

 

 
Fig. 6 Interface hardness profiles  

 

Since such hardness peaks are not desired in such kind of products (brittle 
interface), different heat treatments (as reported in Table 2) were performed 

aimed to investigate their effect on interface hardness. 

 
SR effect 

Measured hardness profiles on the clad material after SR at 640 and 660 °C are 

reported in Figures 7 and 8. The hardness peaks in the coarse grain heat affected 
zone (e.g. 255 to 260 HV10) are still present after SR, close to the fusion line even 

if a bit reduced in comparison to the as-received material. This means that SR is 

not effective to remove hardness peaks in the CGHAZ. 
 

 
 

Fig. 7 Interface hardness profiles after SR@ 640 °C 

 

 
Fig. 8 Interface hardness profiles after SR@ 660 °C 
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Specimens were quenched and tempered: three different austenitizing 

temperatures (920 °C, 980 °C and 1000 °C) were exploited aimed to put in 
evidence the effect of prior austenite grain size;  one tempering temperature 

(670°C) was analyzed, based on results from SR treatment effect, reporting about 

a poor sub-critical temperature effect. The austenitization temperatures were 
chosen aimed to reproduce the standard (unclad) medium-C plates 

austenitizzazione (920 °C), recommended annealing temperatures for AISI 316L 

stainless steel (980°C and 1000 °C). Such temperatures were also chosen since 
still practicable in furnaces during an industrial process. The measured hardness 

profiles on the clad material after quenching and tempering are reported in 

Figures 9. 
 

 
a 

 

 
b 

 

 
c 

 
Fig. 9 Interface hardness profiles after Q&T at 920 °C/670 °C (a), 980 °C/670 °C 

(b) 1000 °C/670 °C (c) 

 
The hardness peaks in the coarse grain heat affected zone of the carbon steel, 

close to the interface, disappeared: as a matter of fact all the measured values are 

lower than 220 HV10. Microstructures at interface, after quenching and 

tempering, show a austenite grain size refinement, if compared to as-received 
material (Figure 10). Such grain refinement reduces the local steel hardenability, 

thus favoring the formation of lower hardness microstructure. 

 

 
a 

 
b 

 
c 

 

 
d 

Fig. 10 Interface microstructure. a) as received material; b) 920 °C/670°C; c) 

980°C/670°C;  d) 1000 °C/670°C 

 
The above result suggest that an alternative process route should be followed for 

manufacturing clad plates, consisting in the weld overlay of as-rolled plate, to be 

only subsequently quenched and tempered. The experienced temperature, 
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allowing the hardness peak reduction, as compatible to those of industrial Q&T 

processes. 
 

CONCLUSIONS 

From the results above reported it can be concluded that: 

 Some hardness peaks (e.g. 250 to 270 HV10) were revealed in the carbon 
steel near the fusion line in the coarse grained heat affected zone. 

 The hardness peaks in the coarse grained heat affected zone of the carbon 
steel at 0.3 mm distance from interface, disappeared after quenching and 

tempering, being all values lower than 220 HV10. This means that the re-

austenitizing treatment, carried out at temperatures below those detected at 
0.3 mm from interface, implies austenite grain size refining and that such 

effect promotes hardenability (hence hardness) reduction after tempering. 

 This suggest that an alternative process route or manufacturing clad plates, 

consisting in the weld overlay of as-rolled plate, to be only subsequently 

quenched and tempered. 
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