Improving Corrosion Resistance on

Surface-Alloyed
Butterfly Valves
A recent study explored how to improve cast surface-alloying to
impart high local wear and corrosion resistance to less expensive,
common industrial materials.
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any metallic components used in applications involving exposure to corrosive
aqueous and atmospheric conditions
suffer from degradation of the surface, such as corrosion and wear. These
problems are especially widespread
for castings used in the water supply
industry, including pumps, butterfly
valves, valve seats, faucets and flanges.
To prevent corrosion on the surface of
these components, water industries rely on coatings or specify cast stainless
steel components. The oxide layer formed on the surface of stainless-steel acts
as a protective barrier between the environment and the sample surface.
Over the years, various techniques have been used to develop surface alloy
coatings on steel to improve properties like corrosion and wear; however,
these techniques are costly and often it is not feasible to use these coating
methods on complex-shaped, hollow components—especially where there is
no line of sight.
Because corrosion is a surface phenomenon, mainly the surface of a component needs to be corrosion resistant. Thus, if the internal piece, or core, is
made of a different material but the outside surface layer provides sufficient
corrosion resistance, the component can perform at a level similar to a high
corrosion-resistant component. This is also true for high wear-resistant applications in which a higher hardness coating will lead to high wear resistance
even when the core is a softer material.
Cast surface alloying is a good solution to impart high local wear and
corrosion resistance to cheaper and common industrial materials like
mild steel. Some of the main characteristics of surface alloying during
casting include: (1) the surface properties of materials and parts can be
tailored to specific requirements (resistance against corrosion, wear, oxidation); (2) the alloyed layer is metallurgically bonded to the base metal;
and (3) surface finish can be controlled, and machining allowance can be
provided. Ni and Cr are frequently used alloying elements for improving the performance of wear resistance, corrosion resistance and thermal
resistance in iron-based components. Ni can dramatically improve the
chemical stability of the iron alloys for increased corrosion resistance, and
Cr leads to the formation of an oxide layer, which is highly protective
against a corrosion reaction.
36 | CASTING SOURCE | JUL/AUG 2021

In the present study, targeted,
multielement Ni, Cr, Fe-Mn, Fe-Si,
and Mo enriched surface alloyed
layers were developed and tested
for a WCB steel butterfly valve on
an industrial scale using the gravity
sand casting process. A butterfly
valve is a quarter-turn rotational
motion valve, which is used to stop,
regulate and start the flow. The
alloying elements were picked for
their presence in super duplex stainless steel components, which have
very high corrosion resistance but
are expensive.

Casting Procedure
The industrial butterfly valves
casting molds (Fig. 1) were obtained from an industrial foundry
to demonstrate surface alloying. The
molds were made from 80-grain
fineness silica sand. A phenolic urethane organic binder system (binder
level ~1.2%) was used to ensure
good gas permeability and surface

Fig 1. Butterfly valve molds for industrial
casting (a,c): Bare and cleaned surface coated
with zircon; (b,d): Multielement powder-coated
mold surface using sodium polyacrylate.

Fig 3. (a) A commercially available butterfly
valve, (b) Surface alloyed butterfly valve
prototypes cast at the industrial foundry and
UWM.
Fig 2. Schematic diagram of the sand mold with the alloying powder slurry applied on the
inner surface of the mold cavity. The alloying slurry is a combination of the alloying powders
and the binder medium.

finish during casting. The catalyst
were coated, they were sealed using
used was set to allow for an eighta core and mold adhesive. The molds
Fig 4. Optical images of the as-cast (a) BV1
to 10-minute work-strip time. The
then were transported back to the
and (b) BV2.
sand and binder/catalyst chemicals
industrial foundry for casting. Once
were mixed in an industrial mixer
the castings were poured, they were
Microstructural and Phase Analysis
and then dumped onto the pattern.
shaken out, shot blasted with steel
Optical micrographs of the
The sand was manually smoothed,
shots, de-gated at the foundry and
cross-section of surface alloyed asas well as with a strike-off bar,
then transported back to the univercast samples are shown in Fig. 4. A
sity lab for analysis.
and allowed to set for 10 minutes.
relatively uniform and continuous
Figure 3 shows a commercially
After the curing was complete, the
surface alloyed layer was observed
available butterfly valve and the
mold halves were extracted from
in all samples.
surface alloyed butterfly valve
the pattern by flipping inversion
Figure 5. Average thickness of
prototypes cast at the industrial
of the pattern using a manipulator
the surface alloyed layer in three
foundry in the present study. The
crane. The mold cavities were coated
castings of surface alloyed butterobjective was to quantify the
with a refractory wash to avoid any
fly valves.
levels of enrichment that could be
reaction between the molten metal
Electro-etching of the surface
achieved in an industrial setting for
and the sand. After applying binder
alloyed layer was performed using
casting a component that requires
and surface alloying elements on the
an etchant made with 15% HCl
high quantities of alloying elemold and allowing the slurry to dry
and 85% ethanol and passing a 2
ments on the surface for wear and
and harden, the molds were closed,
amp current using an electrode
corrosion resistance. The chemical
and a zircon filter was placed in the
placed on the surface alloyed layer.
composition of the WCB base alloy
down sprue of the mold.
The base metal (Fig. 6a) shows a
is presented in Table 1. Table 2
Figure 1. Butterfly valve
ferrite and pearlite microstructure,
presents the compositions of the almolds for industrial casting (a,c):
which is typical of WCB steel.
loying elements and alloys used for
Bare and cleaned surface coated
Figure 6 (views b-d) demonstrates
surface alloying of industrially cast
with zircon; (b,d): Multielement
the cross-section macro-morbutterfly valves.
powder-coated mold surface using
phology of the surfacesodium polyacrylate.
alloyed layer, indicating
Next, three samples
a surface alloyed layer
were made using two
free of cracks or porosdifferent techniques.
ity. The interface layer
The first two samples
between the base metal
were prepared by adding
and the surface alloyed
the Ni and Cr powders
layer does not show the
onto a wet refractory
presence of cracks.
wash coating, and the
The microstructure
third sample was made
at the interface of the
using a slurry containsurface alloyed layer and
ing Ni, Cr, Fe-Mn, Fethe base metal suggests
Si, and Mo mixed with
a good metallurgical
a sodium polyacrylate
bond. The microstruc(NaPA) binder. Figure 2
ture in a typical surface
shows a schematic repalloyed layer (Fig. 6e) is
resentation of the sand
composed of austenite
mold before the WCB
(γ) phases in the shape
steel melt is poured.
Fig 5. Average thickness of the surface alloyed layer in three castings of
of elongated islands
Once the mold surfaces surface alloyed butterfly valves.
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dispersed in the ferritic (α) matrix
and free of precipitates.
The EDS line scan results of
surface alloyed sample BV3 (Fig. 7)
shows the change in the gradient
in compositions of various alloying
elements from the substrate to the
surface alloyed layer. Table 3 lists
the composition of the surfacealloyed layer and the interface.
Compared with the original
composition of the WCB steel,
significant increases in concentrations of nickel, chromium, Mo,
Mn, and Si have been detected in
a surface alloyed layer. The analyses
were performed in regions ferrite
(α phase) and austenite (γ phase)
indicated in the micrographs (Fig.
6e). Chromium and molybdenum
were observed in a higher percentage in the ferrite phase, since they
are ferritizing elements, and nickel
was present in a higher percentage
in the austenite phase since it dissolves and stabilizes austenite.
The dissolution of alloying elements added to the slurry coated on
molds leads to the formation of the

Fig 6. SEM micrograph of (a) base metal (b & d) BV1
surface alloyed layer, (c) BV2 surface alloyed layer in
as-cast condition, (e) austenite-ferrite microstructure
of the surface alloyed layer, (f) The interface layer
between surface alloyed layer and the base metal. All
samples were in the as-cast condition.

surface alloyed layer. The weight
percentages of Ni and Cr drop at the
interface while that of Fe increases
sharply as one moves from the
surface alloyed layer into the base
substrate alloy, as seen in Fig. 7. The
area near the interface in the surface
alloyed layer has a lamellar structure

Fig 7. (a) Location of the EDS line scan on the cross-section of the BV3 surface alloyed sample
across the base metal and surface alloyed layer. (b) Plot of elemental intensity vs. distance in
the EDS line scan.

Table 1. Elemental Composition of WCB Steel From Experimental Heat
Element
Weight %

C
0.22

Mn
0.84

P
0.021

S
0.019

Si
0.41

(Fig. 6b). The base metal retains its
α and pearlite phase microstructure,
and the region immediately below
the interface shows primarily an α
phase with some pearlite.
XRD analysis of the surface
alloyed layer of the surface alloyed
sample BV3 confirmed the presence
of ferrite, austenite and chromium
oxide (Cr2O3) in the surface alloyed layer. The presence of Cr2O3
is known to improve the corrosion
resistance of the alloy. This oxide
can form in ambient conditions;
however, heat treatment of the alloy leads to the acceleration of the
formation of oxide.

Hardness Measurements
The hardness of the surface
alloyed layer and the base metal in
the as-cast condition was measured using the Vicker’s microhardness test. The enrichment of
the surface alloyed layer by alloying elements Ni, Cr, Mn, Si, and
Mo led to an increase in the hardness of the surface alloyed layer.
It has been previously reported by
other researchers that the addition of Mo, Si, Cr throughout the
section leads to an increase in the
hardness, 0.2% proof stress, and
tensile strength of the iron matrix.
The samples were tested in
an as-cast condition, with each
sample undergoing multiple
measurements through the crosssection to ensure the average
value is taken over the sample.
The hardness measurements did
not show any significant scatter
within the surface alloyed layer,
suggesting that the distribution of
alloying elements in the surface
alloyed layer is quite uniform.
Corrosion Resistance
The corrosion resistance of
iron-based alloys can be improved

Fe
Balance

Table 2. Weight of Alloying Elements Used for Surface Alloying of Butterfly Valves
Sample

Binder Medium

Ni (gm)

Cr (gm)

Fe-Mn (gm)

Fe-Si (gm)

Mo (gm)

Powder/Area (gm/cm2)

BV1
BV2
BV3

REFCOHOL 1010
REFCOHOL 1010
NaPA Binder

0.51
0.8
0.56

1.19
1.84
2.19

0.11

0.12

0.30

0.106
0.165
0.205
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elements (including Ni
two ways: (1) improve
Cr Mo Mn) on butits thermodynamic
terfly valve WCB steel
stability by adding
sand castings. While the
some alloying elements
surface-alloyed WCB
with higher thermodynamic stability like
castings are slightly more
Ni and Cr to the solid
expensive compared to
solution to increase its
WCB steel castings, they
electrode potential and
are much lower in cost
to decrease the anthan through-section
odic activation, and (2)
stainless steel (by as
promote the formation
much as $10-$12 per
of stable passivation
lb.). The scalable and
on the surface and
more economical techniques for coating sand
improve its resistance
molds and cores with a
on corrosion reaction
refractory wash containby adding elements like Fig 8. Comparison of the hardness of the surface alloyed layer and the base
metal indicating a consistent increase in the as-cast condition.
ing metal and ferroalCr and Mo. Therefore,
loy powder for surface
the large increases in
alloying could include
the Ni and Cr content
flow-coating, spray-coating, dipping
in the surface alloyed layers as
structure to predominantly ferrite
and brush-coating.
a result of surface alloying can
and austenite.
This demonstrates the potensignificantly improve its corrosion
The as-cast microstructure of
tial cost savings of using surfaceresistance.
the surface alloyed layer showed
alloyed WCB steels compared to
In addition, the rise in austenite
the presence of intermetallic σ,
through-section stainless steel
content in the microstructure of the
which can be detrimental to the
components. It also demonstrates
alloyed layer will also improve the
corrosion resistance of the surface
that surface-alloyed steel castcorrosion resistance. The fine mialloyed layer. The solution annealcrostructure as a result of relatively
ings provide much more improved
ing treatment led to the dissolurapid solidification in the surfacecorrosion resistance, with only a
tion of the intermetallic phase, as
alloyed layer can also decrease the
marginal increase in the cost over
seen in Fig. 9, which is expected
corrosion by the micro-cell effect.
plain WCB steel castings. This
to improve the corrosion resisTable 4 lists the corrosion rates
suggests several other potential
tance of the surface alloyed layer.
of surface-alloyed butterfly valve
applications of surface alloyed
Applications
samples and the base WCB steel.
WCB castings in addition to butterfly valves, where corrosion and
The heat-treated (normalized and
The novel cast surface alloying
wear resistance higher than that of
tempered) surface alloyed sample
process in the study produced a surWCB steel are required. CS
shows a half corrosion rate comface alloyed layer enriched in several
pared to heat-treated (normalized and tempered) WCB steel.
The base metal WCB steel has a
Table 3. Chemical Composition of Surface Alloyed Layer and Interface
higher pearlite content. Surface
Layer in Sample BV3 (Table 2 as Determined Using Spark Spectrometer)
alloying and subsequent heat
treatment transforms the microElemental Composition (wt %) Surface Alloyed Layer Interface layer
WCB base metal

Fig 9. (a) The absence of the σ phase in
the surface alloyed layer of surface alloyed
sample BV3 after solution annealing at 850C
for a period of 100 seconds (b) The presence of intermetallic σ phase in the surface
alloyed layer of surface alloyed sample BV3
before heat treatment.

Cr

23.2

3.80

< 0.5

Ni

6.4

3.89

< 0.5

Mo

3.3

-

< 0.2

Mn
Si
Fe

1.1
0.7
Balance

1.04
0.54
Balance

<1
0.6
Balance

Table 4. Corrosion Rate Values for Surface-Alloyed Samples and WCB
Sample

Corrosion Rate (mm/year)

WCB base metal heat-treated (normalized and tempered)

0.12

Normalized and tempered surface alloyed sample BV1

0.06
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