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Abstract: As research continues for the first crewed missions to and the eventual colonization of Mars, the need for materials for construction of
structural and mechanical components remains paramount. The use of in situ resource utilization (ISRU) techniques is critical due to the financial
and physical burdens of sending supplies beyond low-Earth orbit. The Bosch process is currently in development as a life-support system at
National Aeronautics and Space Administration (NASA)Marshall Space Flight Center (MSFC) to regenerate oxygen (O2) frommetabolic carbon
dioxide (CO2) with the by-product of elemental carbon (C). In this study, the use of this novel C source for alloying with iron (Fe) to produce
ferrous alloys was studied to determine if the Bosch-sourced C could provide similar metallurgical results to a traditional C source. The Bosch C
was produced byMSFC through their C-formation reactor (C-Fr) using mill scale (Fe3C) as the reaction catalyst. Two types of ferrous alloys were
manufactured using the Bosch-sourced C and a control source C. Mechanical and microstructural properties obtained from each equivalent grade
revealed comparable metallurgical results. DOI: 10.1061/(ASCE)AS.1943-5525.0001394. © 2021 American Society of Civil Engineers.

Introduction

With the race to return to the Lunar surface and the future landing
on Mars, in situ resource utilization (ISRU) technology will enable
expanded exploration and colonization beyond low-Earth orbit.
Due to the inhospitable environment on these extraterrestrial
bodies, numerous mechanical and structural components will be
required, and these must be manufactured from local resources.
Currently, it is estimated that the cost of shipping cargo to the
International Space Station (ISS) is as much as around $94,800
per kilogram ($43,000 per pound) (Kramer and Mosher 2016).
Even with the ambitious estimates by SpaceX, the plans for their
Starship estimate roughly $145 per kilogram ($66 per pound) for
Lunar deliveries, assuming regular launches and full payloads
(Zafar 2020). The average distance to the moon is approximately

383,000 km (238,000 mi) away (Erickson and Doyle 2019), with
Mars being an astronomical 234.5 million km (145.74 million mi)
(NASA 2020). Extrapolating these costs for future Martian deliv-
eries, this payload cost increases to $88,850 per kilogram ($40,300
per pound); however, this cost is likely to be much greater due to
the disparity in travel distance and technology required. These costs
are not feasible for substantial colonization missions; therefore, a
local manufacturing operation must be developed to construct the
habitats and equipment that will be required for survival.

Besides the cold climate on the Martian surface, the atmosphere
is not hospitable to human life. Data from the Curiosity rover
showed the atmosphere is approximately 96% CO2, with trace
amounts of argon (Ar), nitrogen (N2), carbon monoxide (CO), and
a small amount of O2ð1.45%� 0.09%Þ (Mahaffy et al. 2013). Cur-
rently studied at National Aeronautics and Space Administration
(NASA) Marshall Space Flight Center (MSFC) is the Bosch pro-
cess for use as a life support system for O2 regeneration with the
by-product of pure C(s). The Bosch process is also a closed-loop
system with the only inputs required being CO2 and the output of
O2 and C [assuming electrolysis of Bosch product water (H2O)].
This process is the combination of three reactions: the reverse
water-gas shift (RWGS) reaction, CO hydrogenation, and Bou-
douard reactions, as shown in Eqs. (1)–(3). The summarized Bosch
process is shown in Eq. (4) (Abney et al. 2013)

CO2 þ H2 ↔ H2Oþ CO ð1Þ

COþ H2 ↔ H2Oþ CðsÞ ð2Þ
2CO ↔ CO2 þ CðsÞ ð3Þ

CO2 þ 2H2 ↔ 2H2Oþ CðsÞ ð4Þ
The Bosch process is limited by the C-formation reactions

shown in Eqs. (2) and (3), as well as the life of the catalyst
(Abney and Mansell 2011). The C-Fr at MSFC is currently capable
of producing C at a rate of over 8 g=h. The Bosch process has been
previously applied in the cement industry to reduce oxocarbon
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emissions as well as using the captured C as an additive in cement
(Abney et al. 2016).

Not only does the Bosch process enable the recovery and recy-
cling of metabolic O2 from astronauts, but the reactor could poten-
tially be a means to provide oxygen for a small habitat on the
surface of Mars, and a larger reactor could recycle CO2 emissions
from manufacturing centers and the native atmosphere with the C
by-product used in material construction. A larger reactor could
additionally provide the oxidant for propellant to return people
and shipments back off the Martian surface.

One surface manufacturing capability that would benefit from
the Bosch process is Martian steel manufacturing. In situ produc-
tion of steel would provide the capability to produce structural and
mechanical components on the surface of Mars with the local re-
sources, requiring only minimal equipment being launched from
Earth. This approach has the obvious benefits of providing a means
to efficient manufacturing capability on the Mars surface, as well as
reducing the cost of colonization. Developing the capabilities in
situ will significantly increase the likelihood of success of the col-
onies and allow them to thrive in their new environment.

Using the idea, the C emissions from Martian steel manufactur-
ing could be converted using the Bosch process system to obtain
H2O and a C(s) by-product. This approach has the obvious benefits
of (1) recycling carbon feed stock for steel production, and (2) pro-
ducing water as a usable by-product instead of CO2. NASA’s interest
in the Bosch process for a life-support system presents a secondary
benefit of utilizing the C by-product as a primary alloying element
within steelmaking. This enables NASA to produce steel in situ on
the surface of extraterrestrial bodies, allowing for endless possibil-
ities for future Martian or Lunar colonies to thrive.

A study has recently been released that allowed researchers to
generate coal from CO2, similar to the benefits of the Bosch process
(Esrafilzadeh et al. 2019). Commercially, this Bosch technology
could potentially be used to recycle emissions from a blast furnace,
enabling a steel manufacturer to reduce or eliminate the purchase of
elemental C (metallurgical coke) for alloying later in the steelmak-
ing process, similar to the aforementioned cement industry; how-
ever, this is outside the scope of the work shown hereafter.

This paper seeks to evaluate the feasibility of in situ steel pro-
duction using carbon sourced from the Bosch reaction by demon-
strating similar metallurgical results to a traditional commercially
available alloying C source.

Materials and Methods

For this study, two ferrous alloys were manufactured: one based on
American Iron and Steel Institute (AISI) 1020 steel, the other based
on gray cast iron, where both alloys were produced using C from
two different sources: conventional metallurgical coke (control C,
99% purity) and the Bosch C (93% average purity, Fe3C mill scale
balance) sourced from NASA’s C-Fr at MSFC. All other elements
[Fe, silicon (Si), and manganese (Mn)] were commercially sourced
with 99%þ purity. A high-frequency, high-vacuum induction melt-
ing furnace (VIMF) manufactured by Dongyang IMF (Incheon,
South Korea) was used to melt and cast the alloys. A total of 12
ingots were cast at 20 kg (44 lb) each to produce six low-C steel
ingots and six cast-iron ingots. Out of six ingots from each grade,
three were produced using the control C and the other three were
manufactured using Bosch C, as shown in Fig. 1.

The alloying elements were added to the crucible before heating
with the C wrapped in a small tissue pouch to prevent C from being
pulled into the vacuum pumps during depressurizing to 1.3 × 10-4

Pa (10−6 torr), followed by the argon backfill. The furnace was then

ramped in 10-kW intervals at 10 min each until 60 kW is applied
and full melting occurs. The melt was induction-stirred for 10 min
before ramping down the applied power to cool the melt to a
temperature of 1,400°C–1,450°C, and then poured into a 5.08-cm
(2-in.)-thick cast-iron two-piece mold with 25.4 cm (10 in.) length
and 20.32 cm (8 in.) width. After the ingot was cooled to ambient
temperature, the ingot was removed from the VIMF and mold. The
top 2.5 cm (1 in.) of each ingot was discarded to remove potential
casting porosity and any possible slag.

Before reheating and hot rolling, a Sentrotech (ST-1500C-
161622, Strongsville, Ohio) box furnacewas used to fully austenitize
and soften the low-C steel ingots at 1,250°C in an argon-purged
environment to prevent surface oxidation during reheating. A Fenn
(4-125) 2 hi=4 hi reversing rolling mill with 30.48 cm (12 in.) diam-
eter and 38.1 cm (15 in.) face width rolls was used to hot roll the low-
C steel from 5.08-cm (2-in.)-thick ingots to 1.27-cm (0.5-in.)-thick
plates. The cast-iron ingot samples were tested in the as-cast
condition.

Carbon Analysis

Prior to casting these alloys, the C obtained from the different sour-
ces were compared using the X-ray powder diffraction (XRD) tech-
nique with a Rigaku Ultima III X-ray diffractometer (Tokyo) to
determine the allotropy of the samples. The control C was ground
to a fine powder using a mortar and pestle for XRD analysis. Due to
the fine consistency of the Bosch C, grinding was not required. The
as-received C sources can be seen in Fig. 2. The powders were
mounted in 0.5-mm-deep glass slides and analyzed using a copper
K-α wavelength between 10° and 90°.

A JEOL 6500 (Peabody, Massachusetts) field emission gun
scanning electron microscope (FEG-SEM) was used to observe
the morphology and relative size of C sources. Each sample was
poured on 1.27-cm (0.5-in.) aluminum specimen mounts with car-
bon tape, and an air duster was used to remove excessive powders.

Steel and Cast-Iron Characterization

Chemical Composition
Chemical compositions of produced steel plates and cast-iron ingots
were analyzed using a Spectro Spectromaxx spectrometer (Kleve,
Germany), which uses optical emission spectrometry (OES). After
rolling the low-C steel ingots, OES measurements were taken
5.08 cm (2 in.) from the edge of the rolled plates. For the cast-iron
ingots, the bottom 2.54 cm (1 in.) of the ingot was cut and used for
chemical analysis. For more accurate C and sulfur (S) composition
values, a LECO CS744 carbon/sulfur analyzer (St. Joseph, Michi-
gan) was also used due to its specialized, separate nondispersive in-
frared cells for SO2 and CO2 from the combustion of the samples.

Fig. 1. Flowchart of cast alloys. Diagram shows two alloys with two
carbon sources, with three iterations each for a total of 12 ingots cast.

© ASCE 04021134-2 J. Aerosp. Eng.

 J. Aerosp. Eng., 2022, 35(2): 04021134 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
is

si
ss

ip
pi

 S
ta

te
 U

ni
v 

L
ib

 o
n 

01
/0

6/
22

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Grain Structure
For microstructural investigations, metallographic samples were
cut from the orientations shown in Fig. 3, and three-dimensionally
represented. With each sample, 2% nitric acid etchant was used and
optical micrographs were taken to visualize the grain structure of
each material with a Zeiss Axiovert 200M optical microscope
(Oberkochen, Germany).

The average phase fraction for the low-C steel plates was found
using a contrast particle function in ImageJ software, and the aver-
age grain size was calculated using the Planimetric (Jefferies) pro-
cedure in accordance with ASTM E112-13 (ASTM 2013). Three
images from each of the three views for each casting were used to
determine the average grain size.

Mechanical Testing
Mechanical testing included tension, compression, and hardness (Bri-
nell and Rockwell) tests. Tensile and compressive test specimens
were machined by using a wire-cut electrical discharge machine
(wire-EDM). Tensile samples were obtained from both the rolling
direction and transverse direction for the low-C steel plates. For
the cast-iron ingots, tensile samples were obtained in the normal
and pouring directions. The tensile specimen dimensions were in
accordance with ASTM E8 (ASTM 2016) subsize specimen
[0.635 cm outer diameter (OD) (0.25 in.)], and compressive
specimens, in accordance with ASTM E9 (ASTM 2019b), were

10 mm in diameter and 10-mm-long cylinders. All testing was per-
formed on an Instron 5882 electromechanical frame (Norwood, Mas-
sachusetts) using a 100-kN load cell with elongation measured with
an Instron 25-mm extensometer (Norwood, Massachusetts).

The tests were strain controlled at 0.001 s−1 until failure for ten-
sile or up to 80% of load cell capacity for compressive tests. This end
test criteria allowed for a sufficient length of test for a determination
of ductile or brittle material failure based on a load drop off after
yielding or sudden shatter. Fractography was then performed on
the failed tensile specimens under a Ziess Supra40 FEG-SEM (Ober-
kochen, Germany) to observe the tensile fracture surfaces.

Brinell hardness tests were carried out with a King Brinell tester,
and a LECO LR-300TD Rockwell (Phoenixville, Pennsylvania)
hardness tester was used for Rockwell-B and Rockwell-C (cast iron
only) scale hardness tests.

Results and Discussion

Carbon Analysis

The XRD results obtained from both C sources are shown in Fig. 4.
From the Bosch C source, there is a well-defined peak at 26.4°,
indicating orthorhombic graphite (94.2% by weight). There is also
a small peak at 44.6° of an orthorhombic cohenite (Fe3C) (5.8%

Fig. 2. As-received carbon sources: (a) commercial C; and (b) Bosch C.

Fig. 3. Micrograph orientations: locations for (a) low-C steel alloy plates; and (b) gray cast-iron ingots.
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by weight) (Devi and Kannan 2007). The control carbon source
showed a slightly broadened, shifted orthorhombic graphite peak
at 26.1°.

The characteristic graphite peak is at 26.7° 2Ө. The Bosch C
source was very close with an undistorted peak. The conventional
C showed a slightly shifted and broadened peak. Shifted and broad-
ened XRD peaks are attributed to uniform and nonuniform strain in
the lattice structure of the material (Cullity and Stock 1978). Be-
cause the control C sample had to be ground before being loaded
into the sample slide, this is likely the cause of the peak alteration.
The C-Fr used to generate the Bosch C uses an Fe3C catalyst that
was not filtered from the Bosch C prior to casting in the VIMF. This
is the source of the Fe3C in the Bosch C XRD scan.

SEM images showed that the control C consists of groups of
spherical particles approximately 80–150 μm in diameter, as shown
in Fig. 5(a), and the Bosch C is formed into irregularly shaped,
smaller particles with a fuzzy exterior, in formations approximately
10–75 μm in diameter [Fig. 5(b)].

The two different C sources show most of their differences in
their morphologies. However, when used as the C source for the

material melt in the furnace at temperatures exceeding 1,600°C, both
sources seem to diffuse into the material similarly. It was noticed that
the Bosch C, due to its fine texture and large volume, tended to float
to the top of the melt and required more manual stirring in the high-C
cast-iron application. Preliminary results by the authors (Rhee, et al.,
unpublished data, 2017) predating this study indicated a potentially
lower diffusion rate in the conventional C due to its large particle
size, resulting in C segregation in higher C steel alloys; however,
with adequate stir time, C segregation was not a further issue.

Steel and Cast-Iron Characterization

Chemical Composition
The chemical composition results obtained from produced steel al-
loys are depicted in Table 1. Purity of each C source was considered
along with carbon recovery [96% recovery based on previous cast-
ings at Mississippi State University (MSU)] during melting to ensure
the appropriate amount of C was added to the crucible in the VIMF.

Chemical composition of each respective material was verified
to be within the desired range for most (ASTM 2018). It was found
that the Si content of the second control C cast-iron ingot was
slightly lower than the other cast-iron ingots (2.01% versus
∼2.5% by weight); however, the effects from the Si composition
disparity were negligible and did not result in a measurable
deviation in comparison with other results. The C in the third Bosch
C cast-iron ingot was also significantly lower (2.88% versus
∼3.50% by weight), but again the C quantity deviation does not
affect the results significantly (p < 0.05).

The target Mn composition was 0.45% by weight in all castings.
The Mn recovery rate in the VIMF was observed to be slightly
higher than expected. The control C cast-iron ingots cast resulted
in an average of approximately 0.58% by weight Mn. Before the
Bosch C cast-iron ingots were cast, the Mn recovery rate was ad-
justed in the charge calculation, resulting in a lower mean Mn com-
position (0.491% by weight) for the Bosch C cast iron. It was also
noted that the S content was slightly higher in the control C low-
carbon steel plates, and significantly higher in the control C cast
iron. The S content was comparable in both low-C steel and
cast-iron Bosch C samples. This indicates that the primary S source
was the conventional C used.

Fig. 4. Carbon sample XRD plots: comparison of (a) conventional; and
(b) Bosch C sources.

Fig. 5. SEM micrographs of carbon sources: (a) conventional C; and (b) Bosch C.
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Grain Structure
Microstructures obtained from the low-C steel plates are shown in
Fig. 6. Both C sources produced similar microstructure of ferrite
grains (white) with small amounts of pearlite (black) between.
Average grain size was also similar, with the exception of the sec-
ond control low-C steel plate. This plate exhibited a slightly smaller
grain size with elongated grains in the rolling direction. The aver-
age phase fractions and grain sizes are given in Table 2.

The images taken from the cast-iron samples were characterized
in accordance to ASTMA247 (ASTM 2019a) by the graphite in the
casting. All samples resembled most closely Distribution D, Class 7
microstructure. Although the first and second control C cast-iron

ingots showed a slight variance in the etched microstructure in
some areas, the most representative of each C source cast-iron mi-
crostructure is shown in Fig. 7.

The refined, elongated grain structure of the second control low-C
steel plate is likely due to a lower-temperature rolling scenario. There
were feeding issues into the rolling mill, giving more time for the
plate to cool before rolling was complete; therefore, the grains were
elongated rather than refined. The differences in cast-iron micro-
structures can likely be attributed to different cooling rates through-
out the ingot after casting. The size and shape of the mold, as well as
pouring speed, could result in a nonhomogeneous microstructure
across the ingots. Cast iron grain structure is highly dependent on

Table 1. Chemical compositions of produced steel alloys

Steel alloys and C source Ingot ID

Chemical composition (% by weight)

C Si Mn P S Fe

Low-carbon steel, conventional C Target (ASTM A830/A830M-18) 0.20 — 0.45 — — Balance
1 0.183 0.009 0.489 0.0038 0.0113 99.18
2 0.206 0.011 0.508 0.0070 0.0110 99.10
3 0.180 0.110 0.499 0.0071 0.0098 99.14

Low-carbon steel, Bosch C Target (ASTM A830/A830M-18) 0.20 — 0.45 — — Balance
1 0.203 0.035 0.516 0.0068 0.0044 99.06
2 0.188 0.020 0.498 0.0067 0.0025 99.10
3 0.191 0.007 0.506 0.0046 0.0016 99.12

Cast iron, conventional C Target (Radzikowska 2004) 3.50 2.50 0.45 — — Balance
1 3.20 2.45 0.592 0.0036 0.1369 92.76
2 3.39 2.01 0.566 0.0035 0.1453 92.58
3 3.41 2.56 0.583 0.0034 0.1343 92.40

Cast iron, Bosch C Target (Radzikowska 2004) 3.50 2.50 0.45 — — Balance
1 3.40 2.60 0.485 0.0031 0.0041 92.94
2 3.55 2.61 0.510 0.0044 0.0021 92.98
3 2.88 2.39 0.479 0.0064 0.0099 90.27

Fig. 6. Three-dimensional images constructed from two-dimensional micrographs of low-C steel alloys using: (a) control carbon source; and
(b) Bosch C source.
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cooling rate (Davis 1996). A simple normalization or annealing pro-
cess on the ingots would homogenize the ingots; however, the
material was desired to be tested in the as-cast condition. Overall,
a similar dendritic structure is observed in all the cast iron iterations.

Mechanical Testing
The stress-strain curves for all low-C steel specimens are shown in
Fig. 8, and the cast-iron tensile curves are shown in Fig. 9, respec-
tively, with data from each curve given in Table 3. Tensile stress-
strain plots obtained from low-C steels revealed the effects of
Lüder’s bands leading to the yield point phenomenon. All low-
C steel tensile test results showed comparable yield phenomena
and flow stress behavior and are all within a reasonable deviation
from each other. Cast-iron samples revealed some variance as ex-
pected; however, each respective ingot is consistent within itself.

These tensile stress-strain curves are common for low-C steel
(Dieter 1986) and are consistent for each sample. Although the sec-
ond control low-C steel plate in the transverse direction has a sig-
nificantly higher upper yield stress, this is easily explained by its
smaller grain size. Per the Hall-Petch relationship of grain size to
yield stress (Smith and Hashemi 2006), this is expected. Overall, all

tensile testing, including both directions, for low-C steels show
only 22.5 MPa standard deviation for the upper yield stress
(12.5 MPa for lower yield stress). The elongation in the gauge sec-
tion for all samples is also very similar (40.7%� 2.7%) with the
difference between conventional and Bosch C alloys being statisti-
cally insignificant. This implies that both C sources show similar
mechanical behavior under tension for the low-C steel alloy. The
yield and ultimate stresses as well as the elongation at failure are
higher than the accepted value for 1020 steel: 205 MPa, 380 MPa,
and 25%, respectively (Matweb 2019a).

For the cast-iron tensile results, there is significant variability in
the curves. However, within each chemistry and source, mechanical
behaviors were consistent, meaning each ingot is relatively homog-
enous. Due to a lower C equivalence, it was expected that the third
Bosch C cast iron would have shown a greater tensile strength
(Davis 1996). The cooling rate of cast iron has been shown to affect
the mechanical properties of the casting, with higher cooling rates
giving higher strength material (Behnam et al. 2010). Due to the
cooling rate variability throughout each ingot dependent on pouring
speed, initial solidification location in the mold, etc., these results
are highly susceptible to differences amongst iterations of the same
material. The primary cause of the variance in the cast iron tensile
results is likely cooling rate variation and dendrite formation differ-
ences between each casting (Collini et al. 2008). The two different
C sourced alloys showed similar tolerance in the tensile curves,
with the Bosch C results showing less consistency and the control
ingots resulting in overall higher fracture stresses with a tighter
grouping of the three ingots.

The experimental results presented herein indicate internal con-
sistencies within each ingot but do show variation between ingots.
This is in agreement with the work published by Collini et al.
(2008) where they document the significant variability of as-cast
mechanical properties between one casting and the next, even when

Table 2. Phase fraction and grain size of produced low-C steels and
graphite grain structure of produced gray cast iron

Alloy steels and C source

Phase fraction Grain
size (μm)Ferrite (%) Pearlite (%)

Low-carbon steel, conventional C 82.6� 1 17.4� 1 33.4� 5

Low-carbon steel, Bosch C 81.7� 0.6 18.3� 0.6 36.6� 2

Cast iron, conventional C Distribution D, Class 7 —
Cast iron, Bosch C

Fig. 7. Three-dimensional images constructed from two-dimensional micrographs of cast iron using: (a) control C source; and (b) Bosch C source.
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using near-identical initial conditions during casting (Collini et al.
2008). Such is the case with the casting results presented previously
and subsequently, where the ingots were subjected to nominally
identical conditions, with deviations between ingots being poten-
tially caused by changes in respective cooling conditions (such as
ambient temperature or humidity). In order to curtail uncertainty
and homogenize material properties, cast components are often
postprocessed through annealing/normalizing heat treatments,
which would occur at approximately 800°C–900°C for 1-h per
2.5-cm (1-in.) thickness (Avcı et al. 2009).

The primary scope of the presented work is centered around the
use of casting as a means for production of components in extrater-
restrial environments, particularly on the Martian surface. Given the
acute shortage of energy and resources in such environments, post-
processing of cast components through normalizing/annealing heat
treatments would not likely be unfeasible owing to the significant
energy and material costs associated with the process. Thus, the non-
normalized properties of the material should be observed.

In the case of a net-shaped casting of an object with complex
features, spatial variation in microstructure and mechanical proper-
ties would be a function of local cooling rates, which would in turn
be a function of local geometry. Because the geometry is deter-
mined by the required dimensions of the component and cannot
be changed, it becomes imperative to establish bounds on the ex-
pected range of properties. Furthermore, of all the data gathered for
the six total cast-iron ingots, the disparity was shown between the
iterations of both C sources and not in the experimental Bosch C
alone. This again shows the sensitivity of gray cast-iron production,
which would lead to potential limits upon applications of the alloy
as well as more stringent constrains on manufacturing conditions.

Fracture surfaces obtained from low-C steel tensile specimens
are shown in Fig. 10. Fractography from low-C steel revealed duc-
tile failure as shown by the significant plastic deformation.

These fracture surfaces show similar tensile characteristics for
both C sources. Closer inspection of the low-C steel tensile spec-
imens, shown in the SEM images in Fig. 11, reveal ductile, dimpled
fracture surfaces from the void decohesion.

Fracture surfaces obtained from the cast-iron tensile specimens
are shown in Fig. 12. The cast iron failed with sudden, brittle frac-
ture with no visible plastic deformation with little strain. There is no
discrete disparity between samples produced with different carbon
sources at this level of magnification.

The cast-iron tensile samples failed less consistently; however,
results were consistent within each ingot. After brittle fracture,
closer inspection showed mostly graphite decohesion for both C
sources in Fig. 13, similar to those found by previous studies
(Bermont and Castillo 2003).

Compression tests were carried out to the limitations of the test
machine or until fracture to present the performance similarities at
further strain rates. For all low-C steels, the applied compressive
load reached the maximum 82-kN load for every test without frac-
ture. As shown in Fig. 14, the low-C steels exhibited an upper yield
strength before a load drop off, giving a distinct yield point.
Although these low-C steel samples did not reach an ultimate com-
pressive stress point, each test resulted in a permanently distorted,
barreled specimen indicative of a ductile material. The low-C com-
pression plot shows near-identical performance for all low-C steel
samples tested for both C samples.

All but two of the cast-iron samples (both samples from the first
control C cast-iron ingot) fractured before reaching the upper load
limit as set, giving a clearly defined failure point. As shown in
Fig. 15, each specimen showed a sharp load drop where the ulti-
mate compressive stress of the cast-iron materials is defined.

The cast-iron compression tests show significant variance in the
data curves. This again directs attention to the need to control the
cooling rate for cast iron if an annealing, normalization, or other
heat-treatment process is not to be used, due to inconsistent micro-
structural formation in the as-cast condition. However, it is apparent
that the Bosch C source showed tighter grouping of the stress-strain
curves for the compression tests. Due to the fine particle size of the
Bosch C, it is possible that the diffusion of C throughout the
material was faster, giving a more homogeneous material; however,
this is strictly speculation.

All hardness test results are given in Table 4. For the low-C
steels, hardness deviation between the control and Bosch C alloys
is minimal for Brinell (BHN) and Rockwell-B (HRB) scale. The
average hardness for AISI 1020 steel is around BHN111
(Matweb 2019a), very close to the average BHN116 for conven-
tional low-C and BHN113 for the Bosch low-C steels that were
obtained here.

The cast-iron BHN results are significantly higher for the first
control C cast-iron ingot, which causes the deviation to be inflated.

Fig. 8. Tensile stress-strain curves obtained from low-C steel samples.
L-C = control and L-B = Bosch. Curves are for both rolling direction
(RD) and transverse direction (TD), strain-rate controlled at 0.001=s.

Fig. 9. Tensile stress-strain curves for cast-iron samples. C-C = control
and C-B = Bosch. Curves are in both RD (pouring direction) and TD,
strain-rate controlled at 0.001=s.
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Table 3. Tensile testing results for all materials cast

Materials
Ingot
ID

Young’s
modulus, E (GPa)

Upper yield
stress, σuys (MPa)

Lower yield
stress, σlys (MPa)

Ultimate
stress, σuts (MPa)

Fracture
stress, σfs (MPa)

Total elongation in
gauge length (%)

Low-alloy steel,
conventional C

1 221 336 276 424 304.5 36
2 205 285 300 430 302 39
3 201 333 261 406 282 41

Average 209� 11 351� 29 279� 20 420� 12 296� 13 39� 3
Low-alloy steel,
Bosch C

1 223 342 279 432 308 43
2 217 340 277 422 294 42
3 211 349 275 422 292 43

Average 217� 6 344� 5 277� 2 425� 6 298� 9 42� 0.2
Cast iron,
conventional C

1 119 N/A N/A 284 284 0.4
2 110 N/A N/A 227 226 0.3
3 99 N/A N/A 213 212 0.3

Average 109� 10 N/A N/A 241� 38 240� 38 0.3� 0.1
Cast iron,
Bosch C

1 119 N/A N/A 293 292 0.5
2 84 N/A N/A 168 168 0.3
3 65 N/A N/A 146 144 0.4

Average 89� 27 N/A N/A 202� 79 201� 79 0.4� 0.1

Note: Bold represents the averages.

Fig. 10. SEM micrographs obtained from tensile tested low-C steels produced using (a and b) conventional C tested along transverse direction;
and (c and d) Bosch C tested along rolling direction.
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Fig. 11. SEM micrographs of fracture surfaces obtained from the low-C steels in the transverse direction produced using: (a) conventional C source;
and (b) Bosch C source.

Fig. 12. SEMmicrographs obtained from tensile tested cast iron produced using (a and b) conventional C tested along transverse direction; and (c and
d) Bosch C tested along casting direction.
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This ingot was tested numerous times in multiple locations, each
reading in the BHN249 range. However, HRB and HRC tests
showed low deviation across the cast-iron ingots, including the first
control cast-iron ingot. It was expected that the hardness of the sec-
ond control C cast iron would have been slightly lower due to the
variation in Si content (El-Sawy et al. 2017; Atanda et al. 2011).
The gray cast iron that was cast for this study was chosen as an
average representative chemical composition target based on gray
cast iron. Overall, the expected hardness for this material can range
from BHN120 to 550 (HRC11.4 to 29). This material is similar in
composition to SAE J431 automotive gray cast iron (Matweb
2019b), which expects a hardness of less than BHN187.

Apart from the first control C ingot, all cast irons had results
within this parameter. The first ingot could have obtained a faster
cooling rate than the other ingots, resulting in higher hardness val-
ues. It has been shown that cooling rate, when fast enough, can
increase hardness significantly due to the formation of white iron
within the gray iron matrix (Behnam et al. 2010). It is unlikely that
the source of the C used in alloying played a significant role in the
hardness variation. Overall, hardness values obtained from samples
manufactured using different C sources showed comparable
mechanical properties.

Overall, the low-C steel alloys showed easily comparable struc-
ture and properties for both C sources. The cast-iron alloys again
showed some differences in the structure and mechanical testing per-
formed here. These differences are not only seen when comparing
two C sources, but also when looking at the different iterations of the
each material grade. However, each ingot showed relatively consis-
tent data in comparison to their own test specimens. Based on the
similarities in material properties for both alloys, this suggests that
the Bosch C could be used not only for multiple alloys, but also for a
range of steels whose properties are modified by cooling rate control
or postsolidification processing such as heat treatments or forging.

However, if a cast-iron component is desired to be used in the
as-cast state, the properties found for a cast-iron component can
easily vary depending on geometry and section thickness, causing
significant variability in local properties throughout a part (Collini
et al. 2008). Due to cooling rate differences in an as-cast part

Fig. 13. SEM micrographs of fracture surfaces obtained from the cast iron in the transverse direction produced using: (a) conventional C; and
(b) Bosch C.

Fig. 14. Compressive stress-strain curves for low-carbon samples.
C-C = control and C-B = Bosch. Strain-rate controlled at 0.001=s.

Fig. 15. Compressive stress-strain curves obtained from cast irons.
C-C = control and C-B = Bosch. Strain-rate controlled at 0.001=s.
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attributed to environment, mold conditions, pouring speed, and
others, the microstructure of as-cast gray iron is likely to result
in significant variation in mechanical properties. Cast iron is also
often tested in the form of test bars, which could give less variabil-
ity across the casting versus an ingot mold like the ones used here;
however, that capability was not possible at the time of this study.
To minimize these internal variations, a normalization, annealing,
or other heat-treatment process could be used for cast iron to ensure
the ingots present less variability from each iteration.

Conclusion

Two different types of ferrous alloys, a low-C steel similar to AISI
1020 and a gray cast iron, were manufactured by using a conven-
tional C and Bosch-sourced C. Mechanical and microstructural in-
vestigation results obtained from each equivalent material revealed
comparable metallurgical properties. The variations for this study
are not attributable to the difference in C source. The results indi-
cate that it is possible to use the Bosch-sourced C as the elemental
C alloying source in steelmaking.
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