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Corrosion resistance of friction surfaced AISI 304 coating in boiling nitric acid and chloride containing
environments was found to be similar to that of its consumable rod counterpart. This was in contrast to the
autogenous fusion zone of GTAW weld which showed inferior corrosion resistance with respect to the
consumable rod. The superior corrosion resistance of friction surfaced coatings was attributed to
the absence of d-ferrite in it.
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1. Introduction

Traditionally, fusion welding based methods are used for
producing corrosion resistant overlays. However, these tech-
niques suffer from problems such as dilution with the base
metal, microsegregation, cracking, porosity, entrapment of slag
inclusions, etc. Friction surfacing is an upcoming solid state
coating technique where melting and solidification are absent.
This process has been used for obtaining various dissimilar
metal coatings such as tool steel coating, stainless steel coating,
Inconel coating on mild steel, and MMC coatings on titanium
and aluminum (Ref 1-4). Dissimilar coatings were made
possible by the generation of high contact stress and intimate
contact between the coating material and substrate (Ref 5). A
schematic of the friction surfacing process is shown in Fig. 1.
The coating material in rod form is rotated under pressure over
a substrate. Frictional heat generates a plasticized layer at the
interface between the rod and the substrate. By moving the
substrate across the rubbing face of the rotating consumable, a
relatively thick plasticized layer is deposited.

Austenitic stainless steel weld overlays are highly resistant
to general corrosion in moderately oxidizing environments in
which they exhibit passivity. On some occasions, they may be
exposed to mildly reducing environments such as hydrochloric
acid for pickling, borderline active passive environment such as
sulfuric acid and highly oxidizing conditions such as urea
industry. Sulfuric acid attack of a phase or of chromium and
molybdenum depleted regions next to r-phase precipitates is
commonly reported (Ref 6). Highly oxidizing environments
such as those found in bleach plants could conceivably attack
d-ferrite networks and r phase. However, this mode of attack is

not often a cause of failure, probably because free-corrosion
potentials are generally lower (less oxidizing) than that required
to initiate attack. Preferential attack of d-ferrite in type 316L
weld metal is most often reported after prolonged HNO3

exposure, as in nuclear-fuel reprocessing or urea production
(Ref 6). In all the above cases, other than mildly oxidizing
conditions, their corrosion resistance is significantly dimin-
ished. This is directly attributed to the attack on d-ferrite in the
austenitic matrix. European welding acceptance tests for urea
synthesis demand absence of d-ferrite for corrosion resistance
(Ref 7). However, some amount of d-ferrite has to be
maintained in austenitic weld overlays to avoid solidification
cracking (Ref 8).

The objective of this work was to evaluate the corrosion
resistance of friction surfaced AISI 304 coatings and compare it
with that of GTAW fusion zone. Experiments were carried out
to analyse the performance of the coatings in aggressive
corrosive environments and for pitting corrosion.

2. Experimental Methods

AISI 304 rods (Chemical composition (wt.%) 17.75 Cr, 7.7
Ni, 0.77 Si, 1.17 Mn, 0.08 C, and balance Fe.) of dimensions
18 mm diameter and 100 mm length were used for producing
the friction surfaced coatings. The substrate used was low
carbon steel AISI 1012 (chemical composition (wt.%) 0.12 C,
0.4 Mn, 0.02 P, 0.01 S) of dimensions 200 mm9 150 mm9
10 mm. A friction surfaced coating was produced on the
substrate with the following parameters which were found to be
optimum to produce thin and metallurgically bonded coatings:
traverse speed 4.4 mm/s, axial load 10 kN, and a rotational
speed 800 rpm (Ref 9). Test coupons were sliced out from the
friction surfaced coating as well as GTAW autogenous fusion
zone using EDM wire cut. The d-ferrite content in test samples
was measured using Fischer Feritscope (model FMP 30).
Corrosion resistance was evaluated by accelerated boiling acid
test and electrochemical tests. The boiling nitric acid test
conducted was as per ASTM A262 practice �C�. The test
specimens were observed under scanning electron microscope
(SEM) after the corrosion test. Pitting resistance was evaluated
for friction surfaced coating and as-received consumable rod in
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1 M H2SO4 + 0.1 M NaCl solution by electrochemical anodic
polarization method.

3. Results and Discussion

Microstructural characterization of AISI 304 wrought mate-
rial, AISI 304 friction surfaced coating and GTAW melted AISI
304 are shown in Fig. 2(a)-(c). AISI 304 wrought material
showed equiaxed grains with occasional twinning (Fig. 2a).
Friction surfaced coating showed a microstructure free of
d-ferrite (Fig. 2b). In contrast, the GTAW melted AISI 304
stainless steel microstructure showed d-ferrite network in
austenite matrix (Fig. 2c).

The Fischer Ferritscope measurements on the fusion zone of
autogenously GTAW welded AISI 304 showed 6% d-ferrite. It
is interesting to note that the friction surfaced coating showed
zero ferrite content despite the fact that the chemical compo-
sitions of the two samples is same. Autogenously GTAW
welded AISI 304 showed a mixed austenite-ferrite microstruc-
ture after cooling to room temperature which is attributed to the
fast cooling typical of arc welding processes. This is explained
with the help of a pseudo-binary phase diagram of Fe-Cr-Ni
(Fig. 3) (Ref 10). When the temperature of the liquid at dotted
line is decreased it will pass through three-phase eutectic
triangle L + c+ d before it enters into two-phase region
consisting of c + d. The transformation of d to c will be
complete with the decrease in temperature only if the cooling is
very slow. As the cooling is relatively fast in welding
operations, some amount of d-ferrite will be retained in the
weld metal.

The maximum temperature attained in the friction surfaced
AISI 304 coating was found to be �1350 �C (Ref 11). As can
be seen from Fig. 3, in this temperature regime, the coating will
enter in to the duplex structure zone c + d. (It should be
mentioned that the as-received rod was 100% c due to its prior
solution treatment condition.) Though, the coating entered in to
duplex phase region, no d-ferrite was observed. This could be
attributed to the short dwell time in this temperature region. If
the coating had been exposed to those temperatures for
relatively long time, d-ferrite could have formed. Different
amounts of d-ferrite were obtained in wrought austenitic
stainless steel sheets when exposed to temperatures above
1200-1350 �C for 1 h (Ref 12). In the present case, the friction

Fig. 2 SEM-SE image: (a) as-received AISI 304, (b) friction
surfaced AISI 304 coating, (c) autogenous GTAW melted AISI 304

Fig. 3 Fe-Cr-Ni pseudo-binary phase diagram at 63% Fe (Ref 10)

Fig. 1 Schematic of friction surfacing process
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surfaced coating cooled down to room temperature rapidly as
the rod was moving further to make a continuous coating.

Therefore, single-phase austenitic consumable rods can be
coated by friction surfacing to obtain a single-phase austenitic
coating. Further, absence of d-ferrite implies the absence of
subsequent metallurgical transformations which are often dis-
advantageous from the point of view of mechanical properties.
The d-ferrite transforms into brittle intermetallic phases, such as
r and v, at temperatures ranging from 500 to 850 �C for r and
650 to 950 �C for v (Ref 13). Continuous intergranular
networks of a phase reduce the toughness, ductility, and
corrosion resistance of austenitic stainless steels (Ref 14).

An important and significant advantage of friction surfaced
AISI 304 coating over steel substrate is the absence of dilution
with the base metal. Figure 4 shows the SEM-EDS line scan
across the interface between coating and substrate. It was
observed that there is no mixing of base metal with the coating.
It means that one can get coating conforming to AISI 304
composition with a consumable rod of same composition. This
is not possible by fusion welding processes. In order to
compare the chemical composition of coating obtained by
fusion welding, AISI 304 was deposited on steel substrate using
GTAW welding process. It was found that the resultant coating
contained chromium below 12% (Table 1). Further, the fusion

welding based coatings showed martensitic microstructure
(Fig. 5) which will impair the bend ductility requirement of
coatings. In order to realize 18% Cr containing coating on steel
substrate by fusion welding process, one should start with a
highly alloyed consumable rod such as AISI 309 (containing
about 25% Cr) (Ref 15). AISI 309 is costlier than AISI 304 in
view of its higher alloying contents. The study showed that
AISI 304 austenitic consumable rod can be coated by friction
surfacing to obtain a AISI 304 austenitic coating.

To compare the difference in corrosion resistance,
as-received AISI 304 rod, friction surfaced AISI 304 coating
and autogenously made GTAW fusion zone of AISI 304 were
subjected to 65% boiling nitric acid test. SEM images of the
tested samples after boiling nitric acid test are shown in
Fig. 6(a)-(c). The as-received material and friction surfaced
coatings did not exhibit any selective corrosion attack and were
free from intergranular corrosion (Fig. 6a, b). In contrast, the
fusion zone of AISI 304 GTAW sample exhibited selective
attack on d-ferrite (Fig. 6c).

Preferential attack associated with d-ferrite and r can be a
problem in an austenitic stainless steel weldment when it is
used close to the limit of corrosion resistance in environments
represented by three types of acidic media:

• Mildly reducing (e.g., hydrochloric acid, HCl)
• Borderline active-passive (e.g., sulfuric acid, H2SO4)
• Highly oxidizing (e.g., nitric acid, HNO3)

Acid cleaning of type 304 and 316 stainless steel evaporators in
the pulp and paper industry with poorly inhibited HCl can lead

Fig. 4 SEM-EDS line scan across the substrate/coating interface

Table 1 Chemical composition from AISI 304 friction
surfaced coating and AISI 304 coating by GTAW welding
over low carbon steel substrate

Cr, wt.% Ni, wt.% Fe, wt.%

Friction surfaced coating 17.78 8.63 73.59
Coating by GTAW welding 7.52 3.43 89

Fig. 5 SEM-SE image of AISI 304 deposited on steel substrate
using GTAW welding process

368—Volume 22(2) February 2013 Journal of Materials Engineering and Performance



to weld metal d-ferrite attack (Ref 16). Under moderately
oxidizing conditions, such as a pulp and paper bleach plant,
weld metal austenite may suffer preferential pitting in alloy-
depleted regions. This attack is independent of any weld metal
precipitation and is a consequence of microsegregation or
coring in weld metal dendrites (Ref 16).

Pitting resistance was evaluated for friction surfaced coating
and as-received consumable rod in 1 M H2SO4 + 0.1 M NaCl
solution by electrochemical anodic polarization method. The
polarization results obtained are shown in Fig. 7 and Table 2
indicating Epit values. It was found that there is no significant
change in the pitting potentials of the friction surfaced coating
and as-received rod material. This result shows that the severe
plastic deformation occurring at elevated temperatures with
higher strain rates in friction surfacing process did not lead to
any reduction in the corrosion resistance of AISI 304 stainless
steel coating. In contrast, the autogenous welded GTAW sample

showed decreased pitting potentials compared to their wrought
counterparts (Ref 17). Pits develop more readily in metallur-
gically heterogeneous materials.

Austenitic stainless steel weld metal solidification is asso-
ciated with alloy-depleted zones, alloy segregated interfaces,
austenite/d-ferrite interfaces leading to inferior corrosion resis-
tance. d-Ferrite in austenitic weld metals was found to be
responsible for selective corrosion attack in certain environ-
ments (Ref 18). The presence of d-ferrite also enhances the
hydrogen embrittlement in austenitic weld metals by acting as
hydrogen traps at ferrite-austenite interfaces (Ref 19).

The published data clearly shows that absence of d-ferrite in
stainless steel overlay coatings is very advantageous to avoid
selective corrosion problems. Further, the problems associated
with phase transformations and subsequent corrosion problems
could also be avoided if d-ferrite is absent in the coatings.

4. Conclusions

This study proves that AISI 304 stainless steel coatings made
by friction surfacing can exhibit better corrosion resistance in
various environments due to the absence of d-ferrite. The results
of the study can be summarized as follows:

1. Single-phase austenitic consumable rods can be coated
by friction surfacing to obtain single-phase austenitic
coatings.

2. Despite excursion to high temperatures (1350 �C), no
d-ferrite was observed in the friction surfaced coating.
This could be attributed to the short dwell time in this

Fig. 6 SEM-SE image of samples after boiling nitric acid test:
(a) as-received AISI 304, (b) friction surfaced AISI 304 coating,
(c) autogenous GTAW melted AISI 304

Fig. 7 Anodic polarization curve for AISI 304 as-received consum-
able rod and coating

Table 2 Epit for as-received AISI 304 consumable rod
and AISI 304 friction surfaced coating

Epit, mV SCE

AISI 304 As-received material 980
AISI 304 friction surfaced coating 994
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temperature region. In contrast, the GTAW melted AISI
304 stainless steel microstructure showed d-ferrite (6%)
network in austenite matrix despite the fact that the
chemical compositions of the two samples is same.

3. Zero percent dilution was found in the friction surfaced
AISI 304 coating over steel substrate. In the case of coat-
ing deposited by GTAW process, resultant coating con-
tained chromium below 12%.

4. The consumable rod and friction surfaced coatings did
not exhibit any significant selective corrosion attack and
were free from intergranular corrosion. In contrast, the
fusion zone of AISI 304 GTAW sample exhibited selec-
tive attack on d-ferrite.

5. It was found that there is no significant change in the pit-
ting potential of the friction surfaced coating when com-
pared to consumable rod material.

6. AISI 304 stainless steel coatings made by friction surfac-
ing exhibit better corrosion resistance than their fusion
coated counterparts in various environments due to the
absence of d-ferrite.

References

1. M. Chandrasekaran, A.W. Batchelor, and S. Jana, Friction Surfacing of
Metal Coatings on Steel and Aluminum Substrate, J. Mater. Process.
Technol., 1997, 72, p 446–452

2. G. Madhusudhan Reddy and T. Mohandas, Friction Surfacing of
Metallic Coatings on Steels, Proceedings of the International Institute
of Welding International Congress 2008, IIW Chennai, India, 8–10 Jan
2008, p 1197–1213

3. G. Madhusudhan Reddy, K. Srinivasa Rao, and T. Mohandas, Friction
Surfacing: Novel Technique for Metal Matrix Composite Coating on
Aluminium-Silicon Alloy, Surf. Eng., 2009, 25, p 25–30

4. A.W. Batchelor, S. Jana, C.P. Koh, and C.S. Tan, The Effect of Metal
Type and Multi-layering on Friction Surfacing, J. Mater. Process.
Technol., 1996, 57, p 172–181

5. W.M. Thomas and S.B. Dunkerton, Friction Surfacing, Weld. Inst. Res.
Bull., 1984, 25(10), p 327–332

6. ASM Hand Book, Corrosion of Stainless Steel Weldments, ASM
International, 13A, 2003, p 301–316

7. J.M.A. Van Der Horst, The Influence of Ferrite Content on the
Corrosion Resistance of Austenitic Stainless Steel in Urea Synthesis,
Metallography, 1970, 3, p 433–440

8. B.T. Lu, Z.K. Chen, J.L. Luo, B.M. Patchett, and Z.H. Xu, Pitting and
Stress Corrosion Cracking Behavior in Welded Austenitic Stainless
Steel, Electrochim. Acta, 2005, 50, p 1391–1403

9. H. Khalid Rafi, G.D. Janaki Ram, G. Phanikumar, and K. Prasad Rao,
Friction Surfaced Tool Steel (H13) Coatings on Low Carbon Steel—A
Study on the Effects of Process Parameters on Coating Characteristics
and Integrity, Surf. Coat. Technol., 2010, 205, p 232–242

10. S. Kou and Y. Le, Effect of Quenching on the Solidification Structure
and Transformation Behavior of Stainless Steel Welds, Metall. Trans.,
1982, 13A, p 1141–1152

11. H. Khalid Rafi, K. Balasubramaniam, G. Phanikumar, and K. Prasad
Rao, Thermal Profiling Using Infrared Thermography in Friction
Surfacing. Metal. Mater. Trans. A, 2011, 42(11), p 3425–3429

12. T.M. Devine, Mechanism of Intergranular Corrosion and Pitting
Corrosion of Austenitic and Duplex 308 Stainless Steel, J. Electro-
chem. Soc., 1979, 126(3), p 374–385

13. E.M.L.E.M. Jackson, P.E. de Visser, and L.A. Cornish, Distinguishing
Between Chi and Sigma Phases in Duplex Stainless Steels Using
Potentiostatic Etching, Mater. Charact., 1993, 31, p 185–190

14. J. Hau and A. Seijas, Sigma Phase Embrittlement of Stainless Steel in
FCC Service, Corrosion NACExpo 2006, Houston, USA

15. T. Ishida, Formation of Stainless Steel Layer on Mild Steel by Welding
Arc Cladding, J. Mater. Sci., 1991, 26, p 6431–6435

16. A. Garner, How Stainless Steel Welds Corrode, Met. Prog., 1985,
127(5), p 31

17. A. Garner, The Effect of Autogenous Welding on Chloride Pitting
Corrosion in Austenitic Stainless Steels, Corrosion, 1979, 35(3),
p 108–114

18. H.S. Khatak and Baldev Raj, Ed., Corrosion of Austenitic Stainless
Steels: Mechanism, Mitigation and Monitoring. Woodhead Publishing
Limited, Abington, Cambridge

19. M.I. Luppo, A. Hazarabedian, and J. Ovejero-Garcia, Effects of Delta
Ferrite on Hydrogen Embrittlement of Austenitic Stainless Steel Welds,
Corros. Sci., 1999, 41, p 87–103

370—Volume 22(2) February 2013 Journal of Materials Engineering and Performance


	Corrosion Resistance of Friction Surfaced AISI 304 Stainless Steel Coatings
	Abstract
	Introduction
	Experimental Methods
	Results and Discussion
	Conclusions
	References


