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Abstract
It has been known for many years that nickel and alloys containing nickel can produce an
adverse or allergic reaction in certain portions of the population. The Center of Disease Control
and Prevention (CDC) estimates that 10-20 percent of the population have varying degrees of
nickel allergies. Due to nickels alloying effects, cost and availability there has been little desire
in the industry to discover a replacement or substitute for this element.
As greater awareness of nickel allergies and nickel ion toxicity permeates the minds of the
population, a greater probability of liability lawsuits associated with adverse reactions to nickel
bearing surgical implants could likely follow. Therefore, an alternative alloying element(s) may
be necessary for the medical, surgical & jewelry industries.
This paper will explore an alternative nickel variant of 316L/CF3M surgical stainless steel. This
will be accomplished through the use of alloying elements that are both biocompatible and
strong austenite formers. This alloy modification may enable a broader range of applications for
this well known alloy. Comparative physical, mechanical and microstructure testing will be
performed & results documented.
Introduction

Austenitic stainless steel is one of the most widely used stainless steels in the modern medical and dental
industries. Most austenitic stainless steels use nickel to promote the desirable properties and to promote
austenite formation. Recent advances in medical testing have found that even in small concentrations,
nickel bearing alloys can cause allergenic reactions and can potentially release hazardous nickel ions (6).
Due to the potential negative health effects nickel and nickel bearing alloys can induce, there has been a
desire in recent years to develop a nickel free, austenitic stainless steel for medical and dental
applications. There has been some effort put into developing a nickel free austenitic stainless steel

alternative for the medical industry (20), but to date the alloys that have been developed were not tailored
to investment casting industry in mind.

Casting alloys have a chemical composition that is tailored to promote the melting, pouring and
production of metal alloy castings. Powder metal alloys have their own unique compositional
requirements that promote traits necessary to produce parts from powdered metal. Wrought alloys have
chemical compositions that favor “workability” over “castability” (9). Typically wrought alloys will have
higher manganese, lower silicon and higher gas levels. Whereas casting alloys have higher silicon to
promote adequate fluidity. Both silicon and manganese both readily react with oxygen and nitrogen,
which can assist with deoxidation and denitrification, without the need for other degassing agents in
various casting alloys (9). Silicon promote the formations of α ferrite (alpha) and also δ ferrite (delta).
Whereas manganese promotes the formation of γ austenite (gamma). So it is critical to utilize and
balance a chemical composition that promotes superlative “castability”, promotes the desired
microstructure and provides superior mechanical properties and corrosion resistance when attempting
to develop an alternative nickel free austenitic stainless steel chemistry.

As an alloying element, nickel has been used successfully in a variety of stainless steels for over 100 years.
It wasn’t until the late 20th century that certain negative health effects, along with certain medical
conditions were contributed to nickel and nickel bearing alloys (6). The type and the severity of these
health conditions vary greatly from person to person. Nickel can cause a simple allergic reaction in the
form of dermatitis or more serious health conditions, such as cardiovascular disease (8).

One of the most common austenitic stainless steels utilized in the medical industries is CF3M. This alloy is
more commonly known by its wrought designation 316L. For comparative purposes CF3M/316L will be
used throughout. Although there has been some effort into designing and developing a nickel free
austenitic stainless steel, none of the alloys developed so far have been able to replicate or reproduce the
properties that has made CF3M and in turn nickel’s alloying effects so desirable. To date nitrogen and
manganese austenitic stainless steels have been developed and proposed as alternative to nickel bearing
stainless steels. Although, these alloys offer the advantages of being free of potential nickel toxicity, they
either do not meet the demanding requirements of medical applications or the chemical compositions
limit modes of production.
In order to preserve the various properties that make nickel a desirable in medical grade stainless steels,
cobalt has been proposed as a potential replacement for nickel in surgical grade stainless steel. Cobalt
offers superior corrosion resistance, strength and biocompatibility compared to nickel, but cobalt’s
affinity for austenite stabilization is significantly weaker compared to nickel. Therefore, the utilization of
nitrogen and to lesser degree manganese will be utilized to promote an austenitic structure. The trade
name Coboferronic has been given to this new alloy family.

Nickel & It’s Effect on the Human Body

Nickel is a chemical element with the symbol Ni and the atomic number 28. Nickel is a transition metal
with an atomic weight of 58.69. It is part of the iron triad, along with iron and cobalt. It was first discovered
by Axel Fredrik Cronstedt in 1751 and named nickel from the ore "kupfernickel”. Nickel along with iron,
cobalt & gadolinium are ferromagnetic near room temperature. However, gadolinium loses its
ferromagnetism above 68 F. So typically, only iron, nickel and cobalt are ferromagnetic at room
temperature. The magnetic field that protects us from the suns harmful rays is composed primarily of iron
and nickel. Nickel is the 23rd most abundant element in the earths crust. Indonesia is by far the largest
nickel producing country in the world, producing 800,000 tones of the 2,700,000 tones produced globally
in 2019 (5). Over 50% of all nickel consumption globally is used in the production of low alloy & stainless
steels, with around 10-15% being used for super alloys & non-ferrous alloys, the balance is used for battery
production and in the chemical industry.(5).

Nickel has been a known allergen to a percentage of the human population for many years. Women show
a greater sensitivity to nickel than men. Nickel is also known to produce potentially harmful ions when
implanted inside the human body. Breakdown & over exposure to nickel and nickel ions in the human
body can cause allergy, dermatosis, cardiovascular disease and carcinogenicity {6}. Inhalation of nickel
dust or fumes causes the greatest risk to personal health. The tobacco plant contains nickel and several
other toxic metals, most probably absorbed from the soil, fertilizing products or from pesticides. It has
been stated that nickel in a burning cigarette might form the volatile, gaseous compound, nickel
tetracarbonyl, and thereby be introduced into the respiratory tract (13). The number of women found to
have nickel allergies has increased steadily over the past few decades. Males that exhibit signs of nickel
sensitivity have also been on the rise, albeit at a slower rate, this is shown in Figure No. 1 (7).

The human body requires nickel to function properly, albeit in extremely low levels. When found in high
concentrations in both humans and other mammals, many negative health conditions may be
experienced. This is also true when certain nickel compounds and nickel ions are released into the body
and body tissue in high concentrations (6). Nickel acetate oral LD50 in rats is 350 mg kg 1(13) Nickel and
the various nickel compounds can accumulate in the body and cause serious health conditions ranging
from skin irritation to kidney disease (13).

Figure No. 1
Comparison of males and females under 30 who have known sensitivity
to nickel and nickel bearing alloys

Stainless Steel and the Human Body
Although, the medical and dental communities have matured greatly since its primitive days when
implants and prosthesis were composed of lead, copper or their alloys, issue still often arise from
corrosion and failure of orthopedic implants. Stainless steel surgical orthopedic and dental implants are
not dangerous unless the implanted device begins to corrode, and nickel ions are released into the
surrounding tissue. Most nickel bearing stainless steel devices that are implanted into the human body
will ultimately suffer corrosion (15). As surgical implants begin to corrode various chemical reactions begin
to occur. These reactive products include oxides, insoluble salts and free metal ions, most critically nickel
ions. Nickel ions then begin to quickly interact with host proteins, a process is referred to as haptenization
(15). The subsequent combination of proteins and degraded materials can possibly become immunogenic,
inducing a hypersensitivity reaction (16).
In the 1950’s stainless steel crowns were introduced to pediatric dentistry. Since that time stainless steel
crowns have become an invaluable resource for the replacement of badly broken primary teeth (14). One
of the main disadvantages of this type of crown is from harmful nickel ion release (14). The study of nickel
ion release in stainless steel dental implants found that although a chrome oxide film layer covered the
implanted crown, nickel ions were still released into surrounding tissue (15). Due to nickel ion release into
tissue surrounding the implanted dental device, nickel sensitivity could occur.

The most common complaints associated with nickel and nickel bearing metals in the medical or dental
fields, is inflammation and allergic reaction induced by nickel release into the body. Stainless steel is one
of the most common alloys used in modern orthodontics. The potential does exist for nickel bearing alloys
used in orthodontics to corrode. The probability that orthodontic nickel bearing stainless steel alloys to
cause an allergic reaction directly correlates to method or mode of corrosion. This can release nickel ions
into the oral cavity. Nickel is the most common metal to cause dermatosis in orthodontics, with more
cases associated with nickel then all other metallic elements combined (8).
The most common medical condition arising from nickel bearing alloys is dermatitis. This condition can
affect anyone with sensitivity or allergy to nickel and nickel bearing alloys. The industry that experiences
the most common complaints regarding nickel allergies, is the jewelry industry. When compared to many
of the most desirable metals used in jewelry production, nickel is cheap. It can be used in varying
quantities in everything from 10 karat gold to sterling silver. The hallmarks that adorn jewelry often relate
to the percentage of the base metal. For example, a ring with a hallmark of 925 indicates that the ring is
made of sterling silver. Sterling silver contains 92.5% silver (Ag) by weight (27). The remaining 7.5% can
be almost anything. Although there are common chemistries that are desired for various production
processes, there are very few requirements or regulations in the jewelry industry dictating what alloying
elements they can or cannot use. Gold (Au) can range in percent by weight from 41.7% gold (10 karat) or
99.9% (24 karat) (26, 27). Golds hallmarks 417 and 999 relate to percentage of gold by weight, as 925
relates to the silver percentage contained in sterling silver (26). Platinum jewelry typically bears a 950
hallmark, indicating the percentage of platinum is 95% (27). Palladium jewelry can also bear this hallmark
(27) Although precious metals are frequently investment cast by specialty casting houses, these are base
metals and alloys we rarely encounter in our working days.

The term “surgical stainless steel” is commonly used in the jewelry industry. One of the most common
stainless steel jewelry alloys is 316L surgical stainless steel. This alloy as mentioned previously contains 812% nickel. This level of nickel can affect people with nickel allergies. One of the most common methods
an individual discovers they have nickel sensitivity issues, is by wearing stainless steel jewelry that contains
nickel. Stainless steel is desirable and widely used in the jewelry industry because it is comparatively
cheap when compared to silver, gold, platinum or palladium jewelry. It also is strong, corrosion resistant
and can be polished to a mirror like finish. The ever-increasing cases of nickel related allergic reactions,
makes a nickel free austenitic stainless steel highly desirable for the jewelry industry.

Development of Hypoallergenic Austenitic Cast Stainless Steel
In order to better understand the alloy development process, it is necessary to have a clear understanding
of the role various alloying elements play on stainless steel physical and mechanical properties. Certain
alloying elements are beneficial, whereas other elements are deleterious for the intended application.
The concentration of each alloying element also has a bearing on the final structure and properties. The
base metal coupled with the alloying elements, along with thermal history will ultimately determine the
microstructure and properties (1). Austenitic, corrosion resistant stainless steel is primarily composed of
two phases, austenite and ferrite. This duplex structure is critical for maintaining the properties of
corrosion resistant stainless steels (10). Therefore, it is also requisite to understand the primary phases
that comprise austenitic stainless steel.

Alloying Elements

Carbon
Carbon is an interstitial alloying element. In iron base alloys carbon will diffuse rapidly through structure,
settling at the grain boundaries (1). Carbon is a very efficient austenite stabilizer. Elevated carbon levels
increase stainless steels susceptibility to sensitization, this is when chromium carbides or carbonitrides
precipitate at the grain boundaries. When this occurs the material immediately adjacent is depleted of
chromium. When the precipitation is excessive or continuous this can leave the stainless steel susceptible
to intergranular corrosion. Because of this phenomena, low carbon variants are sometimes preferred for
certain corrosive environments (1). One of the contributing factors of elevated carbon levels in stainless
steel is the formation of chromium carbides during solidification. These can be dissolved into solid solution
by solution annealing. Figure No. 10 shows the relationship between time-temperature and carbon levels
have on chromium carbide precipitation.

Manganese
Manganese is an austenite stabilizing element. When used in conjunction with nickel and/or cobalt will
perform many of the functions contributed to these elements (4). Manganese is sometimes used as a
degassing agent in ferrous foundries. Manganese is beneficial in nitrogen bearing steels and stainless
steels because it increases the solubility of nitrogen in iron (1). Manganese combines with sulphur to form
manganese sulfides, this can negatively affect pitting corrosion resistance and microclealiness in cast
stainless steels (1). The negative effects contributed to manganese sulfides are most frequently found in
free machining grades.

Silicon
Silicon is a mild ferrite forming element. Silicon is frequently used as a degassing agent in ferrous
foundries. Silicon improves fluidity and for this reason is an essential alloying element to most cast
stainless steels. Silicon is typically higher in cast grade stainless steels. Silicon levels are typically limited
to 1.5o maximum in most cast stainless steels.

Chromium
Chromium is a strong ferrite forming element. Chromium is the most important element for corrosion
resistance in all stainless steel alloys. This is due to chromium’s ability to form a passive film. Other alloying
elements can further enhance chromium’s effectiveness in forming and maintaining this passive film, but
no other element can develop this passive film by itself (1).Chromium’s passive film has been observed in
concentrations as low as 0.5%, but it rather weak and offers minimal corrosion resistance. Austenitic
stainless steels typically have chromium concentrations of 17-21%. Chromium is highly reactive with
oxygen, which forms chromium oxide, this is the mechanism behind the passive film which enables
resistance to corrosion. In its pure form, chromium it is the hardest naturally occurring element, with a
Mohs rating of 8.5.

Molybdenum
Molybdenum is a ferrite forming element. Molybdenum is almost always referred to as moly in metals
industry. Molybdenum is added to stainless steels to improve toughness and to increase corrosion
resistance in chloride environments (1) Molybdenum can be used to increase strength and improve
resistance to creep at elevated temperatures (25). Molybdenum is used for its synergistic effect on other
alloying elements. In certain grades and environments molybdenum can be susceptible to sensitization
(1).

From the onset cobalt was selected to replace nickel as one of the primary alloying elements. Cobalt was
selected due to its excellent corrosion resistance, superior wear resistance and because it is an austenite
stabilizer. When used as an alloying element in stainless steel, cobalt by itself is not a sufficient
austenitizer, as it only very slightly lowers the martensitic transformation temperature (1). Because of this
factor cobalt must be supplemented with manganese, carbon or nitrogen to adequately stabilize the γ
phase at room temperature. Although, carbon is a potent γ phase stabilizer, the tendency for sensitization
to occur with elevated carbon levels, suggests that carbon as austenite stabilizer is not practical. After
research and consideration, it was determined that cobalt, nitrogen and to a lesser degree, manganese
would be the primary alloying elements to stabilize γ-austenite phase, control δ-ferrite and to promote
the desired mechanical properties.

Austenite and Ferrite

The volume percent of any given phase in cast corrosion resistant stainless steel is determined in part by
chemical composition and thermal history/heat treatment (10). Multiple predictive diagrams and
reference material were used when determining the chemical composition of Coboferronic Figure No. 2
shows the Schaeffler Diagram for predicting the microstructure of stainless steels. This is done by using
the equations for nickel and chrome equivalents found on the X and Y axis of the diagram. The 1949
Schaeffler Diagram does not factor cobalt’s austenite stabilizing effect on the microstructure. The Delong
Diagram shown in Figure No. 3 is also used for stainless steel microstructure prediction, but again cobalt
is not factored into the nickel equivalent. The Iron and Steel institute of Japan developed a modified
Schaeffler Diagram that factors in cobalt in the nickel equivalent. This modified Schaeffler Diagram is
shown in Figure No. 4 (19). This modified Schaeffler Diagram was beneficial when determining the
hypoallergenic stainless steel chemistry.

Figure No. 2
Schaeffler Diagram showing microstructure predictions based on nickel and chrome equivalents.

Figure No. 3
Delong Diagram for predicting stainless steel microstructure. WRC ferrite numbers are also shown.

Figure No. 4
Modified Schaeffler Diagram from the Iron and Steel Institute of Japan. (19)
Cobalt is factored into the nickel equivalent in this diagram.

The alloy, which has been given the trade name of Coboferronic replaces nickel as the primarily
austentizing element with cobalt and nitrogen. CF3M is a common stainless steel used in medical and
dental applications. In order to achieve the desired properties, CF stainless steel grades intentionally
contain γ-austenite and controlled amounts of α/𝛿-ferrite. This microstructure is due to the sufficient
levels of both γ-austenite & α/𝛿-ferrite stabilzing elements.

Delta ferrite can be beneficial to corrosion resistance in certain environments and applications, if properly
controlled (1, 10). Delta ferrite has been shown to improve resistance to intergranular corrosion in CF
grade stainless steels when levels are kept between 3-15% (10). Therefore, balancing elements to control
delta ferrite was considered when developing the Coboferronic alloys. Table No. 1 shows the relative
affinity for reducing and promoting delta ferrite levels at room temperature (10).

Table No. 1
Delta Ferrite Elemental Relationships in Stainless Steels
(% Delta Ferrite per % Element) (10)
Austeite Formers

Delta Ferrite Formers

N -220
C -210
Ni -20
Co -7
Cu -7
Mn -6

Al +54
V +18
Cr +14
Si +6
Mo +5

Austenite and ferrite are terms used daily in the ferrous foundry industry, but it can be forgotten what
these terms are referencing. Austenite and ferrite are different crystal structures/phases that iron
undergoes during solidification and cooling. The dominant phase is due to chemical composition and to
thermal history (10). Carbides and intermetallic phases like sigma phase also can develop during casting
solidification and thermal cycling. Sigma phase is typically undesirable in stainless steel, whereas carbides
are often beneficial.
Austenite is a face centered cubic crystal (FCC) which is commonly displayed in phase diagrams as the
Greek letter γ and is also referred to as gamma phase or gamma iron. Ferrite is a body centered cubic
crystal (BCC) which is represented by the Greek letter α/𝛿 and is also referred to as alpha/delta phase or
alpha/delta iron. Figure No. 5 shows the general appearance of the FCC and BCC crystal structures.

Figure No. 5
Comparative illustration of body centered cubic (ferrite) vs. face centered cubic (austenite).

Ferrite has a crystal structure that is body centered cubic (BCC). A BCC crystal can be understood as a cube
(all sides are of the same length and all face perpendicular to each other) with an atom at each corner of
the cube and an atom in the center of the cube (1, 4, 24). Due to the BCC structure of ferrite only a very
small amount of carbon (0.02% at 1333 F. & 0.001% at 32 F.) can be dissolved (1, 4, 24). Whereas austenite
is face centered cubic (FCC) and can be understood as a cube having eight tetrahedral voids located
midway between each corner and the center of the unit cell, for a total of eight net tetrahedral voids(1,
4, 24). Additionally, there are twelve octahedral voids located at the midpoints of the edges of the unit
cell as well as one octahedral hole in the very center of the cell, for a total of four net octahedral voids
(24).This FCC structure allows significant levels of carbon to be dissolved within (1, 24, 25). Table No. 2
breakdowns the characteristics of FCC and BCC crystals.

Balancing austenite & ferrite forming elements is critical when determining the desired structure and
properties(1, 4, 24). Adjustments had to be made to the austenite stabilizing elements when replacing
nickel with cobalt. This is due to the fact that cobalt does not have the same austenite stabilization effect
as nickel. The other primary austenite stabilizing element used in development of Coboferronic, was
nitrogen. Nitrogen was added both as an austenite forming element and also to regulate the formation of
delta ferrite.

Nitrogen has been used with success to cheaply alter the properties of both low alloy and stainless steel.
Low alloy steel has a relatively low nitrogen solubility limit due to the low level of alloying elements. While
elements like manganese, chromium and vanadium increase the solubility of nitrogen in iron, other
elements like nickel decrease this limit. It should also be mentioned that solubility of nitrogen and other
gases increase at elevated temperatures, as the alloy cools, the solubility limit decreases. The effect
various alloying elements have on the solubility limit of nitrogen in iron can be seen in Figure No. 6 (1).

Figure No. 6
The effect of various elements on the solubility limit of nitrogen in iron. (2, 25)

Cobalt as an Alloying Element
Cobalt is a transition metal with an atomic weight of 58.64, chemical symbol Co and the atomic number
27. Cobalt is ferromagnetic at room temperature. Cobalt, like nickel is found in the earth’s crust in the
form of chemical compounds. The only exception is small deposits of alloys found in iron meteorites.
Cobalt, along with nickel is part of the iron triad. The name cobalt derives from the German word “Kobold”
meaning goblin ore. This term was used by miners 100’s of years ago when finding metallic ore that was
blue in color and gave off arsenic fumes when smelted (1, 4). At the time this ore was contained very small
amounts of known metals. In 1735, this “goblin ore” was found to be reducible to a new metal and the
name “kobold” stuck. At the time of its discovery, cobalt was the first new metal discovered since ancient
times (4).
Today, cobalt is produced from one of several metallic ores. Cobolite is a mineral in which the primary
metal contained within is cobalt (4). Cobalt is more commonly produced as a by-product of copper or
nickel mining (18). The two largest producers of cobalt today are the Democratic Republic of the Congo
and Zambia. In 2016, the total world production of cobalt was just over 116,000 tons, of which the
Democratic Republic of the Congo was responsible for over 50% (18). There has been political pressure to
declare cobalt a conflict mineral, as some of the ore generated is obtained through questionable means,
but to date cobalt is not considered a conflict mineral by the United Nations.

Cobalt, along with titanium are the most common base metals used in demanding surgical orthopedic
implants. Knee, hip, shoulder, neurological, cardiovascular and dental implants are often produced with
cobalt based alloys. One of the most popular orthopedic alloys today is F75, which is a cobalt based alloy
containing chromium, molybdenum and smaller amounts of other alloying elements. Cobalt has been
proven to be far more biocompatible compared to nickel (8). This was one of the motivations behind
selecting cobalt as a replacement element for nickel.
As an alloying element in stainless steel, cobalt has been shown to improve corrosion resistance, improve
strength, especially strength at temperature, wear resistance and improve resistance to cavitation. Cobalt
is commonly used in tool steels to improve high temperature strength. Cobalt has been shown to improve
the strength of ferrite in these steels (4). Although published data on the effect cobalt has on stainless
steel is limited, what is available indicates that due to its austenite stabilization, excellent corrosion
resistance and superb biocompatibility it was chosen to replace nickel as one of the primary alloying
elements.

Nitrogen as an Alloying Element
Nitrogen was first discovered in 1772 by Scottish physician Daniel Ruttherford. Nitrogen is known by the
chemical symbol N and has the atomic number 7. Nitrogen in its form dinitrogen or N2 is the most
abundant gas in the earths atmosphere, comprising 78% of the air that surrounds us. Nitrogen is a
common element in the universe and is the 7th most abundant element in the milky way. Nitrogen is found
in every living organism on earth, usually in the form of amino acids. Our human bodies contain ~3%
nitrogen by mass and it is the fourth most abundant element in the human body after oxygen, carbon and
hydrogen.
Unlike cobalt, nitrogen’s effect on steel and stainless steel have been documented for decades and many
publications exist detailing the effect this element has on iron based alloys. Nitrogen is a strong austenite
phase forming element, it is used commonly to replace other austenite forming elements in steel, tool
steels and stainless steels (1). CF3MN is a high nitrogen variant of CF3M/316L which has remarkable
strength at cryogenic temperatures (1). Due to the cost of both nickel and cobalt, nitrogen is often used
as a replacement for these elements due to its relatively inexpensive cost.

Nitrogen’s alloying effect on stainless steel can be significant. It is theorized that in the case of cobalt
bearing stainless steel, nitrogen will more efficiently stabilize the austenite phase and will promote
excellent strength, when combined with cobalt superb corrosion and wear resistance. Because of the
documented hazards associated with nickel bearing stainless steels used inside the human body,
development of high nitrogen stainless steels for medical applications has risen over the past 2 decades.
One high nitrogen stainless steel for medical applications uses 1% nitrogen to promote a fully austenitic
matrix (20). Although this alloy shows great potential for the elimination of nickel in austenitic stainless
steel, the chemistry is not optimized for the metal caster in mind.

Coboferronic Development - Binary and Ternary Diagrams
Cast designations for stainless steels follow a letter-numbering system that corresponds to various criteria
that depend on the desired operating environment, its location on the iron-nickel-chromium ternary
diagram, its maximum carbon level and subsequent alloying element(s). In the case of CF3M, the “C”
indicates the alloy is corrosion resistant, the “F” is the approximate location on the iron-nickel-chromium
ternary diagram, which is shown in Figure No. 7. The “3” is the maximum allowable carbon level of 0.03
and the “M” indicates the alloy contains molybdenum. CF3/304L follows the exact same identifying
criteria with the exception that CF3/304L does not contain molybdenum. We hear these terms frequently
in the investment casting industry, but we often forget or overlook exactly why these stainless alloys have
these designations.

Ternary diagrams are very helpful when comparing the interaction of a three-element system. Figure
No. 7 shows a computer model after inputting a series of ternary diagrams to create solidus projections
of iron-nickel-chrome stainless steels (1, 2). Figure No. 8 shows Iron-Cobalt-Chrome ternary diagram of a
sample taken at 800 C. (21) Figure No. 9 & 10 are binary phase diagram of iron-cobalt and iron-nickel
binary systems. Comparison of these diagrams shows the relatively weak austenite stabilization
influence of cobalt compared to nickel in iron. It was the iron-cobalt binary diagram that perhaps best
represented the initial challenge of directly replacing nickel with cobalt in this alloy

Following examination of various phase diagrams, microstructure predictive diagrams and past research
it was determined the best path forward was to work off the cobalt-nitrogen-manganese austenitic
stabilization system. Nitrogen and carbon are both potent austenite stabilizers, but due to the deleterious
effect carbon has on austenitic stainless steel corrosion resistance (Figure No. 10), nitrogen was selected
to assist with austenite stabilization. Manganese was also elevated in order to promote austenite
formation and control delta ferrite levels. The chemical ranges and aims of the three experimental
Coboferronic alloys can be found in Table No. 2.

Figure No. 7
Iron-nickel-chrome ternary diagram from the ASM Handbook Alloy Phase Diagrams

Figure No. 8
Cobalt-iron-chromium ternary diagram 800 C.
Diagram shows various phase changes based on percent changes in three elements. (2)

Figure No. 9
Cobalt-iron binary diagram.
This diagram displays cobalt’s relatively weak affinity for austenite stabilization.
In an alloy of ONLY cobalt and iron γ only begins to stabilize when cobalt levels approach 80%. (1, 2)

Figure No. 10
Time-temperature curve showing the relationship of carbon levels sensitization (1, 25)

Table No. 2
Chemical Ranges and Aims Developed for the Three Variants Coboferronic
Hypoallergenic Surgical Cast Stainless Steel

Carbon
Nitrogen
Chromium
Cobalt
Molybdenum
Manganese
Silicon
Nickel
Sulphur
Phosphorous
Oxygen

Coboferronic 1

Coboferronic 2

Coboferronic 3

0.020-0.030
Aim = 0.029
0.14-0.19
Aim = 0.16
17.0-21.0
Aim = 17.6
8.00 – 12.00
Aim = 12.00
2.0-3.0
Aim =2.20
1.00-1.50
Aim = 1.45
0.50 – 1.00
Aim =0.65
LAP
AIM = >0.30
LAP
LAP
LAP

0.020-0.030
Aim=0.029
0.30-0.35
Aim=0.32
17.0-21.0
Aim = 18.0
8.00 – 12.00
Aim = 12.00
2.0 – 3.0
Aim = 2.10
2.00-2.50
Aim = 2.10
0.75 – 1.25
Aim = 1.00
LAP
Aim >0.30
LAP
LAP
LAP

0.20 -0.30
Aim 0.028
0.30-0.35
Aim = 0.32
17.0-21.0
Aim = 18.50
15.00-18.00
Aim = 17.00
2.0 -3.0
Aim = 2.05
2.00-2.50
Aim = 2.10
0.75 – 1.50
Aim 1.10
LAP
Aim >0.30
LAP
LAP
LAP

Alloy Production
After comparative study of the relationship of alloying elements, the elemental influence on austenite
and ferrite formation, it was determined that cobalt, nitrogen and to lesser extent manganese be used to
promote and stabilize the austenitic structure desired. After chemical composition was determined, aims
were discussed and provided to Davis Alloys specialty alloy team for alloy production.
In order to obtain the most accurate results and reduce unnecessary variables Coboferronic certified ingot
was produced at the Davis Alloys ingot production facility. The ingot was produced utilizing Davis Alloys
proprietary chemical refining process. This production technique which enables excellent
microcleanliness, strict chemistry control, accurate control of nitrogen levels and very low oxygen content
(40 ppm). This insured that test specimens produced from this alloy would have homogenous chemical
composition, low trace element content and low levels of deleterious gases.
For direct comparative purposes a certified heat of CF3M was also produced at Davis Alloys. This used the
same production and refining techniques utilized in the production of the Coboferronic alloys. Table No.
3 shows the certified alloy chemistry of the comparative CF3M heat and Table No. 4 shows the certified
alloy chemistry of the Coboferronic 1 heat.

Table No. 3
Certified Ingot Chemistry*
CF3M
Carbon
0.023
Copper
0.425
Nitrogen
0.009
Tungsten
0.057
Chromium
18.650
Aluminum
<0.005
Cobalt
0.211
Boron
<0.0001
Molybdenum
2.412
Titanium
0.002
Silicon
1.132
Niobium
0.026
Manganese
1.138
Phosphorus
0.009
Nickel
9.703
Sulfur
0.008
Vanadium
0.072
Tin
0.009
Lead
<0.001
Iron
BAL
* Chemistry was obtained by Davis Alloys analytical chemistry laboratory. Results presented in
percent weight as determined by optical emission spectrometry, X-ray fluorescence spectroscopy for
bulk chemistry plus combustion techniques with thermal and infrared spectroscopy for carbon, sulfur,
oxygen and nitrogen

Table No. 4
Certified Ingot Chemistry*
Coboferronic 1

Nitrogen
Chromium
Cobalt
Molybdenum
Silicon
Manganese
Nickel
Vanadium
Iron

0.030
0.159
17.125
12.250
2.240
0.525
1.510
0.165
0.040
BAL

Copper
Tungsten
Aluminum
Boron
Titanium
Niobium
Phosphorus
Sulfur
Oxygen

0.300
0.075
0.008
<0.0001
0.004
0.014
0.010
0.009
40 PPM

◼ * Chemistry was obtained by Davis Alloys analytical chemistry laboratory. Results presented
in percent weight as determined by optical emission spectrometry, X-ray fluorescence
spectroscopy for bulk chemistry plus combustion techniques with thermal and infrared
spectroscopy for carbon, sulfur, oxygen and nitrogen

Testing and Results

Test Specimen Production and Casting

Initial test specimens were produced at EPS Industries main facility located in Ferrysburg, Michigan. EPS is a
commercial foundry that produces investment castings in a wide range of iron, nickel, cobalt, copper and aluminum
based alloys. The tensile test bar molds were produced at Shellcast, Inc. located in Montague, Michigan. The test
bar molds use a three-gate system, with a large center gate. The test bars were designed and produced in accordance
with ASTM E8 with a 0.250” gauge section. A test bar as cast test bar mold prior to cut off can be seen in Illustration
No. 1.

First round testing was initially limited to the casting production of investment cast tensile bars in Coboferronic 1
and CF3M. Microstructure, scanning electron microscopy (SEM) and hardness profiles (HRC) were completed using
an intact tensile bar specimen from Coboferronic 1 and CF3M. Due to publication time constraints, a wider array of
mechanical property and corrosion testing could not be performed but will be published in 2021
Test bars were loaded into the preheat over which was set to 1850 F. and were heated for 3 hours. 200 lbs. of
Coboferronic 1 ingot was melted with a 125Kw air induction furnace at EPS Industries. Total melt time was just
under 40 minutes. 1 lb. of 75%. FeSi was added to ensure adequate fluidity and to compensate for any elemental
fade. Test heat was superheated to 2900 F. held at this temperature for 5 minutes and lowered to 2850 F. and (6)
Coboferronic 1 test bar molds were poured. Hot tops were placed on each test bar mold after casting. Test bar molds
after casting, with hot tops can be seen in Illustration No. 1. An individual test bar removed from the tree and gates
ground can be seen in Illustration No. 3. The balance of the heat was poured into a pig for later test specimen
production. CF3M test bars were produced following the same melt parameters that were established for
Coboferronic 1. Table No. 5 breaks down the test bar production melt parameters.
Table No. 5
Melt Parameters for Coboferronic 1 and CF3M Test Heats
Shell Temp
CoboFerronic 1
CF3M

1850 F.
1850 F.

Max Superheat
Temp
2900 F.
2900 F.

Pouring
Temp
2850 F.
2850 F.

Additions
1 lb. FeSi 75%
None

Test Bar
Molds Cast
6
2

Illustration No. 1
Test bar mold after shell removed, but prior to cut off, gate removal and sand blasting.
Test bar molds cooling after casting. Hot tops can be seen on top of pouring cup.

Testing Parameters

Test bars were examined for surface defects and appeared to have excellent surface finish with no test
bars having any visible defects. Test bars were removed from trees through the use plasma cutting.
Foundry workers made operations that Coboferronic appeared to more difficult to grind. Following cutting
and grinding tests bars were prepped for tensile testing and microstructure evaluation. Tensile testing,
microstructure evaluation and hardness testing would be performed on Coboferronic 1 and CF3M in the
as-cast condition and solution annealed condition. Testing and microstructure would be performed
according the following:

Coboferronic Testing

CF3M Testing

As-Cast

As-Cast

Tensile Testing: (4) Test Bars
Hardness Profile: (2) Test Bars
Microstructure Lab 1: (2) Test Bars
Microstructure Lab 2: (1) Test Bar

Tensile Testing: (2) Test Bars
Microstructure Lab 2: (1) Test Bar

Solution Anneal

Solution Anneal

Temperature: 1950 F.
Time at Temp: 1 Hour

Temperature: 1950 F.
Time at Temp: 1 hour

Tensile Testing: (4) Test Bars
Hardness Profile: (2) Test Bars
Microstructure Lab 2: (1) Test Bar

Tensile Testing: (2) Test Bars
Microstructure Lab 2: (1) Test Bar

Coboferronic 1 Testing Results
Hardness Results
Microstructure was obtained through the use of a local lab. Two test bars were used to complete the
hardness profile. Table No. 6 shows the hardness profile (HRC) of Coboferronic 1 in as-cast condition. Prior
to hardness testing, a test block was used to ensure reliability and validity of test results. Test block
hardness value was labeled at 40.1 HRC and test block hardness readings recorded a hardness value of
39.9 HRC. Average hardness of the two as-cast Coboferronic 1 test bars was found to be 34.79 and 33.48
HRC. CF3M typically has an as-cast hardness value of 24-26 HRC. Coboferronic 1 was found to have higher
as-cast hardness values compared to CF3M. Solution annealed hardness values will be published with the
final testing results in 2021.

Table No. 6
Coboferronic Hardness Values
Values Presented in Rockwell C (HRC)
Coboferronic 1 Sample 1
Coboferronic 1 Sample 2
34.5
35.1
34.3
34.7
32.9
35.5
35.8
35.5
Average = 34.79

27.9
33.7
34.0
35.5
33.5
34.5
33.7
35.0
Average = 33.48

Coboferronic 1 and CF3M Tensile Testing Results

Tensile testing was performed at Anderson Larbs in Greendale, WI. Test bars underwent tensile testing at
room temperature. Tensile tests were performed in the as-cast and solution annealed condition. The
results are presented in Table No. 7. The mechanical properties were considerably different between
Coboferronic 1 and CFM3.The ultimate tensile strength of Coboferronic 1 was significantly higher
compared to CF3M. Coboferronic 1 also showed a greater response to solution anneal heat treat cycle.
Ultimate tensile strength and elongation showed marked increases after solution anneal compared to ascast condition. The increase in elongation (ductility) is likely contributed to chrome carbides going into
solid solution.

Table No. 7
Comparative Mechanical Properties of Coboferronic 1 and CF3M in
As-cast and Solution annealed condition

Bar
Number

1
2
3
4
5
6
7

8
9
10
11
12

Bar
Condition
As Cast
As Cast
As Cast
As Cast
Solution
Solution
Solution
Solution
Solution
Solution
As Cast
As Cast

Material
Cobo-1
Cobo-1
Cobo-1
Cobo-1
Cobo-1
Cobo-1
Cobo-1
Cobo-1
CF3M
CF3M
CF3M
CF3M

Tensile
Stress (psi)
164,300
188,000
166,500
167,900
215,300
210,800
213,600
212,300
86,400
88,000
88,100
88,500

Yield
Stress (psi)
84,600
90,000
81,100
92,000
109,300
82,700
63,300
57,200
42,600
43,400
41,400
40,500

Elongation
in 1" (%)
6.2
10.0
7.4
7.0
12.0
15.0
15.0
16.0
52.0
48.0
46.0
43.0

Reduction
of Area (%)
7.0
9.3
7.8
7.0
21.9
33.3
32.6
34.7
75.0
69.1
67.8
69.1

Microstructure
As-Cast

Cobalt’s precise affinity for austenite stabilization is not easily obtained through published data. Based on
research and data that was available, chemical aims were set up for three experimental previously
mentioned. Coboferronic-1 was produced with chemical aims designed to produce a primarily austenitic
matrix with ~15% delta ferrite in the as-cast condition. A primarily austenitic matrix was attained, but
slightly higher ferrite levels were discovered. Illustration No. 2 shows the microstructure of Coboferronic
1 in the as-cast condition. Ferrite levels were found to be 22.36% and measurement data is presented in
Table No.8. Illustration No. 3 shows the microstructure of CF3M in as-cast condition. Ferrite levels were
found to be 16.51% and measurement data is presented in Table No. 9.

Solution Annealed

Coboferronic 1 showed a significant response to the solution anneal heat treatment, considerably more
so than CF3M. Illustration No. 4 shows the microstructure of Coboferronic 1 in solution annealed
condition. Delta ferrite appears to have accumulated into pools due to solution anneal cycling. Ferrite
levels were reduced to 19.62% following solution anneal. Ferrite measurements are presented in Table
No. 10. Illustration No. 5 shows the effect of the solution anneal cycle on CF3M. Delta ferrite stringers are
reduced in size and shape, but total ferrite percentage is only slightly modified. Ferrite levels are
presented in Table No. 11.

Illustration No. 2 – 200X – Etch: Electrolytic 10% NaOH
Microstructure of as-cast Coboferronic 1 cast sample
Structure is primarily austenitic matrix with delta ferrite stringers and small pools
Orange/brown possibly sigma phase
Table No. 8
Ferrite analysis of as-cast Coboferronic 1 sample
Reading

Sample

Volume %

1

Cobo AC1

22.15

2

Cobo AC2

23.69

3

Cobo AC3

24.26

4

Cobo AC4

18.99

5

Cobo AC5

22.71

Average

22.36

S.D.

2.06

Illustration No. 3 – 200X – Etch: Electrolytic 10% NaOH
Microstructure of as-cast CF3M cast sample
Structure is austenitic matrix with ferrite stringers

Table No. 9
Ferrite analysis of as-cast CF3M sample

Reading

Sample

Volume %

1

316 AC1

16.23

2

316 AC2

15.65

3

316 AC3

16.13

4

316 AC4

16.04

5

316 AC5

18.52

Average

16.51

S.D.

1.14

Illustration No. 5 – 200X – Etch: Electrolytic 10% NaOH
Coboferronic 1 response to solution anneal heat treatment cycle.
Microstructure shows modified delta ferrite pools in an austenitic matrix
Table No. 10
Ferrite analysis of Coboferronic 1 solution anneal sample
Reading

Sample

Volume %

1

Cobo S1

17.32

2

Cobo S2

17.95

3

Cobo S3

20.22

4

Cobo S4

19.50

5

Cobo S5

23.11

Average

19.62

S.D.

2.27

Illustration No. 6 – 200X – Etch: Electrolytic 10% NaOH
Microstructure of as-cast CF3M solution anneal sample
Image shows modified delta ferrite in austenitic matrix
Table No. 11
Ferrite Analysis of CF3M Solution Anneal Sample

Reading

Sample

Volume %

1

316 S1

13.18

2

316 S2

14.08

3

316 S3

14.39

4

316 S4

14.11

5

316 S5

21.14

Average

15.38

S.D.

3.25

Conclusion
Although further testing is required to ascertain all properties, certain factors about Coboferronic 1 can
be deduced from the data that has been obtained. Microstructure obtained thus far is indicative of
austenitic stainless steel. However, the ultimate tensile, yield strength and elongation were unusual for
an austenitic stainless steel. Magnetic permeability can not be explained by the microstructure obtained
so far. Further investigation is required to pinpoint these anomalies. Coboferronic 1 displayed interesting
mechanical property versatility through thermal cycling. Property modification could be further enhanced
by increasing solution anneal temperature. A temperature of 2005 F. is typically used for solution
annealing CF grade stainless steels with nitrogen (23).
Although cobalt should increase hardness, UTS and yield strength, increases of this magnitude were not
expected. The mechanical properties coupled with the magnetic property’s, could indicate that the
microstructure may contain martensite that has yet to be identified with current microstructure analysis
techniques. It is too early to ascertain whether the structure is predominately austenite or if the matrix
consists of other phases yet to be identified. Further metallography with various etchants is required and
will be performed
Coboferronic 1 does not appear to be suitable alloy for biomedical orthopedic implants. This is primarily
due to the magnetic permeability properties. Although, magnetic properties were reduced by solution
anneal, magnetic permeability levels would make the use of magnetic imaging technology impossible. For
this reason, Coboferronic 2 and 3 show the most promise for biomedical orthopedic applications.
Depending on final results of corrosion testing, Coboferronic 1 may be utilized in applications beyond the
attended scope. The magnetic properties coupled with its thermal cycling response despite low carbon
content, likely extreme temperature and wear resistance, may make an attractive choice for numerous
applications with these requirements.

Coboferronic 2 will likely yield a primarily austenitic matrix, with minor amounts of ferrite (~2-8%), will
yield this alloy non-magnetic. Making it attractive choice for biomedical applications requiring very low
nickel levels. Coboferronic 3 will likely yield extreme corrosion resistance in most environments that make
high alloy austenitic and super austenitic stainless steels desirable. It will likely exceed the corrosion
resistance of these alloys and offer superior resistance to heat and wear. This alloy with 18% cobalt will
likely yield a similar price tag per pound as austenitic stainless steels with 25-35% nickel, but with superior
properties. Further testing will deduce whether these predictions are accurate.
Test specimens of Coboferronic 2 and 3 will be cast in the coming weeks. Test specimen production will
follow the same casting and testing practices utilized with Coboferronic 1. In depth testing will be
completed on Coboferronic 1, 2 and 3, with results will be published in 2021 Incast alloy edition.

References
1. Joseph R. Davis, – “ASM Specialty Handbook: Stainless Steels” - ASM International (2000)
2. Joseph R. Davis, – “ASM Specialty Handbook: Alloy Phase Diagrams” - ASM International (2000)
3.

Mark S. Cracolice, and Edward I. Peters, “Introductory Chemistry: An Active Learning Approach”

4. Joseph R. Davis, “ASM Specialty Handbook: Nickel, Cobalt, and Their Alloys” - ASM International
(2000)
5.

“Nickel" U.S. Geological Survey, Mineral Commodity Summaries. 2016

6. Q.Y. Chen, J. Brocato, F. Laulicht, M. Costa, “Mechanisms of nickel carcinogenesis”. In: “Essential
and Non-Essential metals. Molecular and Integrative Toxicology.” Springer International
Publishing AG; New York, NY, USA: 2017. pp. 181–197.
7. K. Takazawa, N. Ishikawa, H. Miyagawa, “Metal allergy to stainless steel wire after coronary
artery bypass grafting”. J Artif Organs 6, 0071–0072 (2003).
8. M. Speidel, P.J Ouggowitzer, 1998 “Materials in Medicine: Biocompatible Nickel-Free Stainless
Steels to Avoid Nickel Allergy” (vdf Hochschulverlag AG an der ETH Zürich p 191.
9. Ted Klemp III, “A Simplified Approach to Degassing Common Investment Casting Alloys”
AFS Casting Congress; 1989, San Antonio, Texas, Abstract No. 89-200.
10. Theodore Klemp IIi and Steven L. Sikkenga, “Effect and Control of Delta Ferrite in Cast Stainless
Steel” 34th Annual Meeting, Investment Casting Institute, 5-8 October 1986, Dallas, Texas
11. Lars Stixrude, Evgeny Waserman, Ronald Cohen, (1997). "Composition and temperature of
Earth's inner core". Journal of Geophysical Research. (Torjussen, Zachariasen, & Andersen, 2003)
12. W. Torjussen,, H. Zachariasen, & I. Andersen, (2003). “Cigarette smoking and nickel exposure”.
Journal of Environmental Monitoring, 5(2), 198-201
13. W. Bal, H. Kozøowski, and K. Kasprzak, “Inorganic Biochem”. Pg. 79 213 – (2000)
14. N. Menek, S. Başaran, Y. Karaman, G. Ceylan, E.Ş. Tunç, J. Int, - Electrochem Sci 7 (2012)
“Investigation of Nickel Ion Release from Stainless Steel Crowns by Square Wave Voltammetry”
15. M Traisnel, D Le Maguer, HF Hildebrand, A Iost - Clinical Materials, 1990
“Corrosion of surgical implants”
16. M. Wagner, H. Köhler, F. Bittinger, C.J. Kirkpatrick, Journal of Materials; 1994

17. R. Koster, D. Bieluf, M. Kiehn, M. Sommerauer, J. Kahler, S. Baldus, T. Meinertz,
C.W.
Hamm, “Nickel and molybdenum contact allergies in Patients With Coronary In-Stint Restenosis”
Lancet, Volume 356 (2000)
18. J.H. DeYoung Jr., R.R. Seal II, and D.C. Bradley, “Critical mineral resources of the United States—
Economic and Environmental Geology and Prospects for Future Supply” U.S. Geological Survey
Professional Paper p. F1–F40
19. Menzel J, Kirschner W and Stein G 1996 ISIJ Int. 36 893
20. Ke Yang and Yibin Ren, “Nickel Free Austenitic Stainless Steels for Medical Applications” Science
and Technology of Advanced Materials, National Institute for Materials Science 2010
21. W. Betteridge, “Cobalt and its Alloys” Ellis Horwood Limited 1982 Pg. 52 – 53
22. H. Chandler, “Heat Treater’s Guide: Practices and Procedures for Irons and Steels” ASM
International
23. Joseph R. Davis,– “ASM Specialty Handbook: Heat Resistant Materials” - ASM International
(1997)
24. George F Vander Voort, – “ASM Specialty Handbook: Volume 9, “Metallography and
Microstructure” - ASM International (2004)
25. Stephan D. Cramer, Bernard S Covino J., – “ASM Specialty Handbook: Volume 13B, “Corrosion:
Materials” - ASM International (2005)
26. Ian Pickford, - “Jackson’s Hallmarks” – Acc Art Books; Pocket Edition (2015)
27. Arthur Tremayne, - “Hallmarks and Date Letters on Silver, Gold and Platinum” – Robert Hale Ltd;
3rd Edition (1977)

