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Microstructure and tensile properties of 
AISI 316 stainless steel electron-beam 
cladded on C40 mild steel 

S. TOSTO, F. NENCI ,  HU J I A N D O N G *  
ENEA CRE Casaccia, Via Anguillarese 301, 00060 Roma, Italy 

A 60 kV electron-beam equipment was used to clad an AISI 316 stainless steel plate on C40 
plain carbon steel. A homogeneous coating of stainless steel was obtained. The microstructure 
of the clad layer consisted of delta-ferrite, austenite, M6C carbide and martensite twinned on 
1 1 2 crystal faces. The austenite has a heavily dislocated substructure and is characterized by 
intrinsic stacking faults. The crystallographic relationship between austenite and martensite 
was consistent with the Kurdjumov-Sachs relationship: 

and 

{1 01} martensitell{1 1 1} austenite 

{1 1 1} martensitell{1 01} austenite 

M6C and austenite followed a relationship such as 

(1 1 0) M6CI1(1 1 0) austenite 

and 

(1 1 1) M6CI!(1 1 1) austenite. 

1. Introduction 
Interest has been recently addressed to laser- and 
electron-beam alloying and cladding [1-3]. Industrial 
applications have also been exploited in some cases. 
Laser surface processing is usually carried out by 
injecting the powders to be cladded or alloyed on to 
the molten surface of the substrate under irradiation; 
the remixing of the molten pool enables the chemical 
composition and microstructure of the substrate to be 
modified. This procedure is rather difficult in the case 
of electron-beam (EB) treatments. Previous work 
[4-6] has shown that the irradiation ofa  bilayer "AISI 
316 stainless steel/C40 mild steel" enables a variety of 
surface chemical compositions and microstructures to 
be obtained; the main parameters controlling the final 
dilution of the alloy elements of the stainless steel in 
the molten pool are the power and interaction time of 
the beam and the thickness of the overlayer sheet. The 
results have shown a corrosion resistance of the 
coated mild steel equal to that of the original stainless 
steel [5]. The microstructure markedly depends on the 
EB processing parameters and the thickness of the 
original AISI 316 stainless steel used for coating [6]. 
The dilution can be carefully controlled because the 
overlayer melts and wets the substrate, thus facilitat- 
ing the heat contact necessary for a homogeneous 

cladding or alloying process. The solidification of the 
molten alloy is a complex process and depends on its 
chemical composition. The purpose of this work was 
to investigate, using transmission electron microscopy 
(TEM), the microstructure of the clad layer after 
solidification, in particular near to the liquid/solid 
interface at the melt depth. 

2. Experimental procedure 
The clad material was an AISI 316 stainless steel sheet 
having a size of 100mm • 35mm • 2mm. Its chemical 
composition is given in Table I. The substrate material 
was a plain carbon steel C40 with a carbon content of 
0.4 wt%. The AISI 316 stainless steel plate was mech- 
anically clamped on to the substrate and mounted on 
an x - y  table and irradiated with a travel speed of 
20 cm min-  1. A line source was obtained scanning the 
beam at a frequency of 1000 Hz normal to the travel 
direction. The treatment parameters were as follows: 
accelerating voltage of the electron beam 60 kV, beam 
current 110 mA, scanning width 25 mm. The resulting 
width and depth of the clad layer were 25 and 3.5 mm, 
respectively. X-ray diffraction, SEM and microanal- 
ysis were used to examine and identify the phases 
formed. The surface microhardness was determined 
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TABLE I Chemical composition (wt %) of AISI 316 

Ni Cr Ti Mo Si S Mn Cu P C 

Wt % 13.2 17.7 0.034 2.71 0.72 0.005 1.04 0.22 0.03 0.03 

with a microhardness tester. The coated sample was 
machined to obtain a tensile specimen whose geo- 
metry is reported in Fig. 1. For comparison, a tensile 
specimen was also obtained from the untreated C40 
steel. Three slices parallel to the coated surface were 
obtained at different depths for TEM observation. 
Thinning of each slice was carried out using a series of 
SiC grinding papers and then a twin-jet polisher. The 
thinning solution consisted of a 5% perchloric acid 
and ethanol at a temperature of about - 15 ~ the 
thinning voltage and current were 60 V and 100 mA, 
respectively. The TEM observations were carried out 
with a JEM-400FX instrument operated at 400 kV. 

3. Results and discussion 
3.1. Microstructure of the clad layer 
The AISI 316 stainless steel plate was fully melted 
under the given irradiation conditions. SEM observa- 
tions and X-ray diffraction have shown that the 
coated layer is composed of fc c austenite, b c c ferrite/ 
martensite and carbide. No porosities nor micro- 
cracks were observed on the metallographic cross- 
section. The M6ssbauer spectra [4] enabled us to 
determine that the volume content of the fcc  phase 
was 5%, carbide 3% and b c c  phase balance. The 
interface between the coated layer and unmelted re- 
gion was found at a depth of about 3.5 ram, i.e. shifted 
towards the C40 steel with respect to the initial thick- 
ness (2 mm) of the sheet of stainless steel. Then, a small 
amount of substrate was also melted under the given 
irradiation conditions. As previously found [6], the 
distribution of nickel, chromium, titanium and iron is 
homogeneous in the clad layer, but the content of 
these elements is slightly diluted with respect to the 
initial composition of the stainless steel; the dilution 
factors for both chromium and nickel under these 
experimental irradiation conditions are estimated to 
be about 0.6. 

186 mm 

50 mm 60 mm 50 mm 
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! 
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Figure 1 Geometry of the tensile specimen. 
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3.2. Microhardness of the clad layer 
Fig. 2 shows the microhardness profile as a function of 
depth in the clad layer. The values of microhardness 
are fairly constant but increase sharply near the inter- 
face with the substrate. The TEM reveals that this 
region is characterized by the presence of twinned 
martensite, in agreement with the local increase of 
hardness. It can be explained by the diffusion of 
carbon from the substrate towards the clad layer. The 
microhardness of the clad layer is higher than that of 
the original AISI 316. According to published papers, 
the increment is due to a fine microstructure of the 
alloyed ferrite; this latter was formed because of the 
enhanced solubility of the alloy elements of AISI 316 
during rapid cooling [4]. 

3.3. Tens i le  t es t s  
The results of the tensile tests are shown in Table II. 
As can be seen, the bilayer specimen consisting of the 
clad AISI 316 and C40 substrate has improved prop- 
erties compared with the untreated substrate. SEM 
observations on the fracture surface, reported in 
Fig. 3a c, reveal different fracture mechanisms. The 
clad layer of AISI 316 is characterized by the presence 
of small dimples, typical of a ductile crack propaga- 
tion. Microcracks were found on the C40 side, where 

TABLE II Tensile properties of the coated specimen: ultimate 
tensile strength (UTS), yield strength (YS), necking (A%) and 
rupture stain (L%) 

UTS (N mm -2) YS (N mm -z) (A%) (L%) 

EB coated 906 399 82.1 8 
materials 
C40 644 629 62.2 14 
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Figure 2 Microhardness versus distance, for (0) EB treated and 
(.,B) untreated samples. 
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Figure 4 Transmission electron micrograph showing the austenite 
solidified from the molten phase. Stacking faults and dislocations 
are visible. 

Figure 3 Scanning electron micrographs showing the morphology 
of the fractured surface: (a) coated layer; (b) interface; (c) C40 
substrate. 

the crack propagates by cleavage. No microcracks 
were noted at the interface between the clad AISI 316 
layer and the substrate. This indicates that a good 
adhesion was obtained as a consequence of EB ir- 
radiation. The element diffusion across the interface is 
the reason for the adhesion between the clad layer and 
substrate. The brittleness of C40 carbon steel is due to 
the occurrence of quenching and partial tempering 
because of irradiation. This is because the melting of 
AISI 316 causes heat diffusion towards the substrate 
and then the heat treatment of this latter. 

3.4. TEM observations 
30 thin foils taken from different depths were observed 
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Figure 5 Transmission electron micrograph, showing austenite with 
a round boundary. 
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by TEM. Selected-area electron diffraction was used 
to identify the various structures. The clad layer con- 
sists of M 6 C  precipitates, delta-ferrite, austenite and 
alpha-martensite. The delta-ferrite formed from the 
molten phase was often identified by its round bound- 
aries, containing a relatively high dislocation density. 
There are two kinds of austenite with different mor- 
phology in the clad layer; both are characterized by 
the presence of stacking faults in a heavily dislocated 
substructure (see Fig. 4). The stacking faults were 
identified to be of intrisic type using the technique 
discussed elsewhere [11]. One form of austenite has 
round boundaries, as shown in Fig. 5, and different 
sizes. This austenite was formed directly from the 
molten phase. The other is usually bounded by 
martensite; it suggests that it is due to a partial 
transformation of the austenite grain boundary to 
martensite during cooling. Fig. 6 shows the morpho- 
logy of austenite and martensite. The boundaries be- 
tween these phases are straight lines; their directions 

Figure 6 Transmission electron micrographs showing (a) martensite 
and austenite, (b) the electron diffraction pattern of martensite and 
austenite, and (c) pattern indexing of (b). ( - 0 - )  [110] austenite, 
(--D--) F111] martensite. 

change to form steps (see Fig. 6a). It agrees with the 
fact that the transformation from austenite to m'ar- 
tensite follows a diffusionless (athermal) mechanism. 
The electron diffraction patterns and indexing are 
shown in Fig. 6b and c, respectively. It can be seen that 
there is a Kurdjumov-Sachs(K-S) relationship be- 
tween austenite and martensite, i.e. 

{1 0 1} martensitelL{1 1 1} austenite 

and 

{1 1 1} martensite][{1 0 1} austenite 

Fig. 7a shows the twinned structure of martensite; 
Fig. 7b is the dark-field image of Fig. 7a. The electron 
pattern and indexing are shown in Fig. 7c and d, 
respectively. It can be seen that the twinning crystal 
plane is { 1 1 2}. It is interesting to note that austenite is 
also visible in Fig. 7a; the arrow indicates the stacking 
faults present in austenite. Some of the twinned mar- 
tensite crystals lay regularly on the austenite bound- 
aries (see Fig. 8). It suggests that they were nucleated 
on the grain boundary and then grew towards the 
inside of the grain along the preferred crystallographic 
direction. Most of the martensite was formed as round 
grains and a few laths preferentially near the interface. 
The formation of the martensite is thought to be 
related to a relatively high carbon content diffusing 
from C40 to the molten phase. Epsilon-martensite was 
not found in the clad layer; only few precipitates were 
observed. Fig. 9a shows the morphology of one of 

5855 



~01 
211 

(d) 

Figure 7 Transmission electron micrographs showing the twinned martensite: (a) bright field, (b) dark field, using a twin spot (110) to obtain 
the image, (c) electron diffraction pattern of the twinned structure, (d) indexing of (c): (-0-)  [113] martensite, (v ] - )  twin. 

these precipitates. A series of electron diffraction pat- 
terns was obtained by tilting the specimen holder 
stage. One o f  them, shown in Fig. 9b, is indexed in 
Fig. 9c. It shows that the structure of the precipitate is 
similar to. M6C, in agreement with the results of X-ray 
diffraction (a = 1.1082 nm for f c c). These precipitates 
are embedded in the austenite. As can be seen in 
Fig. 9c, the crystallographic relationship between 
M6C and austenite is as follows 

(1 1 O) M6C I[ (1 1 O) austenite 

and 

(1 1 1) M6CH(1 1 1) austenite 

Then, close-packed planes of M6C and austenite are 
faced. The diffraction spot of austenite (1 1 1) is over- 
lapped with that of M6C (3 3 3) because they have a 
similar cell parameter: that of austenite (1 1 1) is 
0.2070 nm, that of M6C (3 3 3) is 0.2040 nm. The sec- 
ondary M6C precipitates have a round boundary and 
a relatively larger average size (200 nm) than the 
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Figure 8 Transmission electron micrograph showing the twinned 
structure grown on the interface. 

primary ones. Thus, it is deduced that these pre- 
cipitates were nucleated and grown from the molten 
phase. In Fe Ni Cr stainless steel the transition from 
austenite to martensite involves the intermediate epsil- 
on-martensite through the steps austenite ~ epsilon- 
martensite ~ b c c  martensite [12]. For  the trans- 
formation from austenite to epsilon-martensite, the 
close-packed atom planes of austenite and martensite 
are as identified above. 

4. Conclusions 
1. A clad layer of 3.5 mm was obtained from an 

original thickness of 2 mm of AISI 316 sheet deposited 
on a substrate of C40 mild steel. The profile of the 
interface has a zig-zag morphology and a chemical 
composition intermediate between that of the clad 
material and substrate. The ductility of the coated C40 
steel is better than that of untreated C40 steel. 

2. The clad layer consists of primary alpha-ferrite, 
austenite and M6C. The austenite contains stacking 
faults and glissile dislocations. The martensite formed 
from austenite near the interface is in agreement with 
the K-S relationship. The M6C precipitates are 
formed in the austenite phase according to well-estab- 
lished crystal relationships. 
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Figure 9 Transmission electron micrographs showing the M6C 
carbide: (a) morphology of M6C, (b) electron diffraction pattern, 
(c) indexing of (b): ( - 0 - )  t l  1 0] austenite, ( - [ ] - )  I1 1 0] M6C. 
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