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Hot Ductility Characterization of Low- and 
Medium-Carbon Steels

Hot ductility testing is a well-established method to investigate effects of 
alloying and casting conditions on slab surface sensitivity to cracking. In this 
work, the hot ductility of four different steel chemistries ranging in carbon 
content from 0.06 to 0.40 wt. % and with varying amounts of precipitate form-
ing elements (e.g., Ti, Nb, V) are studied using a Gleeble 3800. Specimens 
prepared from continuously cast slabs were homogenized at 1,350°C for 
5 minutes before cooling at 1°C/second to testing temperatures between 
1,300°C and 600°C and then strained isothermally to failure with a rate of 1 x 
10-3 second-1. The reduced area of these tests was used to evaluate their hot 
ductility performance. Fractography on the tested specimens and metallogra-
phy on quenched specimens after homogenization were performed. Alongside 
these experimental results, the Thermo-Calc predicted phase and precipitate 
stability are presented. Using these results, factors affecting hot ductility per-
formance in these grades are discussed.

Introduction 
The loss of ductility (high-temperature 
embrittlement) of steel has been report-
ed from liquidus to above ~650°C. 
This hot ductility performance is 
associated with quality concerns in 
continuously cast (CC) steel products, 
such as hot tearing, transverse cracks, 
corner cracks and longitudinal cracks. 
Hot ductility testing typically uses the 
reduced area percentage (RA%) as 
measured by the decrease of original 
to final area of a round bar pulled 
in tension at high temperatures until 
fracture. These hot ductility tests have 
been useful in revealing the hot crack-
ing propensity of a steel products due 
to various factors, including: alloying 
elements, physical caster and product 
parameters (caster design, cast prod-
uct shape, casting speed, mold f lux, 
mold f luid f low, etc.), and thermal 
conditions (primary cooling, second-
ary cooling, roll contact, etc.).

During the continuous casting 
process, strain rates1 and cooling 
rates2 impact the high-temperature 
embrittlement of steels. The high-
temperature embrittlement in steels 
often occurs in two temperature 
regimes3,4 including one near the 

solidus temperature and the other 
near Ae3 (equilibrium austenite to 
α-ferrite transition). In the latter case, 
the loss of ductility may overlap with 
temperatures observed in the bending- 
unbending section in a curved CC 
operation. Known factors on hot 
ductility performance at these tem-
peratures are shown schematically in 
Fig. 1 and are as follows: 	

a.	Dynamic recrystallization 
(DRX) zone: above DRX 
temperature (TDRX)5 trig-
gers considerable amount of 
austenite phase grain refine-
ment which can be hindered 
by precipitate formation 
along the grain boundaries 
as the temperature decreases. 

b.	Grain boundary sliding: prev-
alent at higher temperatures 
in the range of ~1,200°C to 
Ar3 (nonequilibrium austenite 
decomposition temperature). 
At these temperatures, aus-
tenite with limited dynamic 
recovery and grain defor-
mation incompatibility can 
result in intergranular fail-
ures. This mechanism is usu-
ally associated with creep and 
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is strain rate dependent (10-4 to 10-3 second-1).6 
Generally, on increasing the strain rate, the 
ductility improves as the time available for grain 
boundary sliding is reduced. 

c.	Austenite-to-ferrite transition and related 
phenomenon: 
i.	 Precipitate formation: equilibrium- and 

deformation-induced precipitates (AlN, 
Nb(C,N)7–10) form along the austenite grain 
boundaries which generate near-grain bound-
ary precipitate free zones. Strain concentra-
tion in these softer zones leads to microvoid 
formation/coalescence, leading to intergranu-
lar ductile fracture. This can occur in the 
austenite but may be made more pronounced 
at local sites of ferrite transformation.

ii.	Grain boundary ferrite formation: a ductility 
drop can be caused by soft ferrite film forma-
tion (deformation induced ferrite, DIF) at the 
austenite grains boundaries between Ae3 and 
Ar3 (inf luenced by alloying elements, cooling 
rate, strain rate–related precipitation of AlN 
and inclusions of MnS).2,5,6,11,12 

d.	Ferrite formation: ductility improves with the 
increasing presence of the more-ductile ferrite as 
the austenite decomposition progresses.

The elemental makeup of the steel is a significant 
factor in the hot ductility, though not always straight-
forward owing to how the microstructure may evolve in 

the course of casting. Thus, in terms of elements, the hot 
ductility of steel primarily depends on:

a.	Carbon content as it strongly inf luences the 
primary steel phases (δ-ferrite, austenite and 
α-ferrite) formation and transition temperatures. 
Historically, empirical carbon equivalence (CE) 
formulae13–15 have been used to capture the 
effects alloying elements on primary phase for-
mation and transitions. The transition tempera-
tures (e.g., δ-ferrite to austenite) and phase sta-
bility ranges (e.g., single-phase austenite region 
is observed at higher temperatures for near-
peritectic steel grades) affects the hot ductility 
loss through previously discussed factors such 
as austenite grain coarsening that are associ-
ated with intergranular fractures.16 The austenite 
formation is affected by C but also the austenite 
decomposition is largely controlled by C diffu-
sion at relevant cooling rates. 

b.	Other alloying elements:4,17,18

i.	 	Microalloying elements like Ti, Nb, V and 
Al form carbides, nitrides and carbonitride 
precipitates that impact the thermokinetics of 
primary phase transitions. Both the presence 
of the precipitates and their influence on the 
phase transformation may be detrimental to 
hot ductility. 

ii.		Nonmetallic impurities like S that forms MnS 
precipitates with different shapes (spheroids, 
cylindrical rods, and idiomorphic crystals/
angular19) that are stable above steel solidus 
and increases susceptibility to cracking. Also, 
sulfur and phosphorus will strongly segregate 
and enrich interdendritic regions and grain 
boundaries. 

iii.		Residual elements like Cu and Sn are preva-
lent in scrap-based steel products and cause 
hot shortness and reduce the hot ductility of 
steels.17,20,21

Understanding susceptibility to cracking during the 
secondary cooling in relation to alloying practices allows 
for the optimization of casting parameters. The pres-
ent work examines the hot ductility performance near 
Ae3 region for several steel grades with different carbon 
equivalent contents and alloying elements through the 
use of a hot tensile testing method to determine RA%. 
Metallography and fractography provide supporting 
information to the RA% data generated. Discussion of 
the formation and interaction of primary phases and pre-
cipitate phases and grain structures is aided through ther-
modynamic modeling and, in context of the literature, 
provides insight into the observed hot ductility results. 

Schematic of a hot ductility curve of steel showing 
effects of recrystallization and the trough near Ae3 
potentially related to deformation induced ferrite (DIF).2 

Figure 1
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Experimental Procedure 
Five steel grades that were industrially pro-
duced from a scrap-based electric arc furnace 
and continuously cast into thick slabs were 
investigated. In sampling the slabs from avail-
able transverse sections, samples were not 
taken from the narrow face edges nor from 
the centerline region to avoid effects related 
to segregation, as shown in Fig. 2a. Round 
bar samples of 116.5 mm length and 10 mm 
diameter were machined from blanks as cut 
from the as-cast slab aligned axially to the 
transverse direction as shown in Fig. 2b.

Hot ductility testing was performed on a 
Gleeble 3800 thermomechanical simulator 
using the program as shown schematically in 
Fig. 3. The testing program utilized a homog-
enization temperature of 1,350°C followed 
by cooling at 1°C/second to a test tempera-
ture between 1,300°C and 600°C with tests 
at every 50°C. Temperature was controlled 
using an S-type thermocouple welded to the 
midpoint of the sample. During the heating, 
homogenization and cooling, zero force on 
the sample was maintained through automat-
ic control over the stroke position. At the test 
temperature, a constant stroke of 2.09 mm/minute was 
applied to give an approximate tensile strain rate of 1 x 
10-3 second-1 until the specimen fractured. After fracture, 
the broken sample pieces were cooled by contact with the 
jaw grips. Specimens for metallography were obtained by 
quenching via jaw cooling at the end of the homogeniza-
tion hold after cooling at 1°C/second to 750°C. Testing 
was performed under a high vacuum. Given limitation 
on total number of samples, three to five repeat tests 
were prioritized for the temperatures between 700°C and 
1,000°C.

The percentage of reduced area (%RA) was determined 
by calculation using caliper measurements of 
the diameter of the original round bar and of 
the average of the minimum and maximum 
diameter of the broken specimen at the frac-
ture surface. The distance from the thermo-
couple to the fracture surface was measured. 
Surface fractography was performed using 
optical macrographs as well as using a Zeiss 
EVO MA-10 scanning electron microscope 
(SEM) utilizing secondary electron mode. 
Subsurface fractography was carried out by 
sectioning parallel to the specimen axis, pol-
ishing, and etching with a 2% nital solu-
tion and viewed by optical microscopy (OM). 
The metallographic specimens were sectioned 
transverse to the sample axis at the thermo-
couple location (i.e., midpoint of specimen). 
These samples were polished and etched with 
2% nital solution and observed with OM. 

Also, metallography specimens were etched with satu-
rated aqueous picric acid with a few drops of HCl and 
Agepon (wetting agent) added at room temperature 
then lightly back-polished with colloidal silica to reveal 
the prior austenite grain boundaries (PAGB) using OM. 
The prior austenite grain size (PAGS) was determined 
according to ASTM E112 using the comparison method 
as well as mean lineal intercept via Abrams Three-Circle 
Procedure.

The five steel grades in this study include: (1) a low-
carbon microalloyed steel (NbTi), (2) a low-carbon steel 
(C-Mn), (3) a Ti-alloyed steel (Ti-alloy), (4) a V-alloyed 
steel (V-alloy), and (5) medium-carbon resulfurized 

Hot ductility sampling schematic (a) and sample design (b).

Figure 2

1,350°C homogenized hot ductility program.

Figure 3

(a)	

(b)
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low-alloy steel (MedC+S). These are listed in order of 
their carbon equivalence as determined by:13

Ceq. = %C + 0.01%Mn + 0.147%S + 0.008%P + 
0.009%Si + 0.007%Cu + 0.02%Ni + 0.003%Cr +  
0.009%V + 0.04%Nb + 0.007%Mo + 0.05%Al +  

0.007%Ti + 0.5%Ni13

where elemental weight percentages are used. The chem-
istries as determined by Leco analysis (C, S, N) and 
optical emission arc spectroscopy (other elements) and 
are presented with their carbon equivalency in Table 1. 
Thermo-Calc (TFCE 10 steel database22) was used to 
model the equilibrium phases and precipitates in each of 
the steels.

Results and Discussion 
The Thermo-Calc equilibrium phases for the five steel 
grades are compared to a schematic Fe-CE (iron-carbon 
equivalent) phase diagram in Fig. 4. This figure provides 
context to the phase transitions expected in relation to 
one another. It is seen that steels C-Mn and Ti-alloy are 
expected to be close to and on either side of the peritec-
tic reaction, though this study does not investigate the 
hot ductility issues that related to the peritectic reaction. 
Further details of the equilibrium phases as predicted by 
Thermo-Calc are given in Fig. 5. Here, the predicted dif-
ferences in phase transformations and precipitates can be 
observed, which provides some expectation of where the 
ductility trough may form near Ae3 for each steel. 

The primary phase predictions reveal some differ-
ences are expected in the austenite to α-ferrite transition 
between the different grades. This is most notable in 
MedC+S with its significantly lower Ae3 temperature. 
More on the austenite decomposition is discussed later in 
context of the hot ductility results. In terms of precipitates, 
NbTi and Ti-alloy steels show Ti(C,N-rich) precipitates 
that are stable at high temperatures. Steels C-Mn and 

V-alloy show significant amounts of the AlN phase are 
stable while steels Ti-alloy and MedC+S also shows a 
modest amount of AlN is predicted to be in equilibrium. 
Steel NbTi shows a significant amount of (Nb-rich,Ti)
C are expected to form with increasing fraction as tem-
peratures move lower. Substantial V(C,N) is predicted 
to be stable in MedC+S though V-alloy also shows their 
presence at the lower range of the austenite and α-ferrite 
transformation. The MedC+S also shows higher CaS 
with Ti-alloy having a modest amount as well. 

The RA% results from the hot ductility tests are pre-
sented in Fig. 6 for each grade, including the individual 

Schematic representation Fe-CE (iron-carbon 
equivalent13) phase diagram with the steel grades and 
the relative transition temperatures (liquidus, solidus, 
austenite start, α-ferrite start and austenite stop 
temperatures) calculated using Thermo-Calc (TCFE10 
Steel database).

Figure 4

Chemistries of Studied Steels

Steel
C 

wt.%
Mn 

wt.%
S 

ppm
Al 

wt.%
Ti 

wt.%
N 

ppm
Other 

elements CE13

NbTi 0.058 1.42 Residual 0.043 0.022 <70 Nb 0.088

C-Mn 0.089 0.85 Residual 0.037 Residual <100 — 0.111

Ti-alloy 0.177 0.38 Residual 0.038 0.02 <100 — 0.180

V-alloy 0.164 0.96 Residual 0.045 Residual <100 V 0.202

MedC+S 0.407 0.83 0.0255 0.031 Residual <100 V, Mo, Cr 0.432

Table 1
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Equilibrium solidification phase predictions by Thermo-Calc22 for all steel grades showing primary phases and 
precipitate phases of potential significance.

Figure 5

Hot ductility RA% results all steel grades.

Figure 6

http://www.aist.org
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test points and a curve following the mean at each test-
ing temperature. Steels NbTi and Ti-alloy show mark-
edly better hot ductility performance compared to other 
steels with the average ductility trough minimum close 
to 40 RA%. Steels C-Mn and V-alloy show a significant 
ductility trough with the minimum average value in the 
range of 20–30 RA%. The MedC+S does show a ductility 
trough as well though its minimum average value is just 
above 30 RA%.

Fractographic investigations were carried out for 
numerous specimens of each grade at the surface and 
subsurface of broken specimens. Here, samples tested at 
750°C, 850°C, 950°C and 1,000°C are reviewed. Ductile 
fracture behavior showing signs of growing microvoids 
is exemplified in Fig. 7 for NbTi tested at 950°C. Lower 
ductility failures were associated with intergranular frac-
ture exhibiting subsurface cracking, as shown for exam-
ple in Fig. 8 for V-alloy as tested at 750°C. In some cases, 

electrical arcing at the fracture surface occurred just after 
the specimen broke. While the surface was damaged 
in these situations, the subsurface still provided some 
insight. Results of the fractography investigations are 
presented in Table 2. The results suggest that for this test 
method and geometry, ductile failures are seen in tests 
with >50 RA% while intergranular failures are seen at 
≤42 RA% with some amount of mixed fracture behavior 
likely overlapping at these bounds. All steels show ductile 
behavior at 1,000°C, while only NbTi and Ti-alloy show 
some amount of ductile fracture at 850°C. Steels NbTi 
(Ae3 = 842°C and Ae1 = 659°C) and C-Mn (Ae3 = 846°C 
and Ae1 = 693°C) show similar ferrite phase growth at 
PAGBs in the 750°C subsurface fractography images to 
what is shown in Fig. 8 for V-alloy (Ae3 = 821°C and Ae1 = 
695°C) and may provide some insight to the intergranular 
fracture observed on these samples. For Ti-alloy (Ae3 = 
841°C and Ae1 = 717°C), the extent of ferrite formation 

Fractography of steel NbTi at 950°C showing ductile fracture; surface images showing void 
coalescence (a–c), subsurface microscopy showing voids and damage close to fracture surface 
(right side) (d and e).

Figure 7
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Fractography of steel V-alloy at 750°C showing intergranular fracture; surface images showing 
jagged morphology (a–c), subsurface microscopy showing cracks at prior austenite grain 
boundaries (PAGBs) and associated ferrite films near fracture surface (right side) (d and e).

Figure 8

Fractography Summary of Hot Ductility Tests. Surface fracture observations: IG = intergranular, MX = mixed, DC = 
ductile, NA = not available. Subsurface fracture morphologies: CR = cracks, MX = mixed, VD = voids

750°C 850°C 950°C 1,000°C

Steel RA% Surface Sub- 
surface RA% Surface Sub- 

surface RA% Surface Sub- 
surface RA% Surface Sub- 

surface

NbTi 42 IG CR 50 MX MX 74 DC VD 79 NA VD

C-Mn 34 IG CR 20 IG CR 61 DC VD 71 DC VD

Ti-alloy 36 
59

IG 
DC

CR 
VD 57 DC VD 85 

55
NA 
NA

VD 
VD

73 
88

NA 
NA

VD 
VD

V-alloy 28 IG CR 20 IG CR 50 DC MX 84 DC VD

MedC+S 40 MX MX 39 IG CR 23 
63

NA 
DC

MX 
VD 79 DC VD

Table 2
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varied quite significantly between tests at 750°C as exem-
plified in Fig. 9. This variance also appears in Ti-alloy’s 
scatter of RA% at this temperature, likely suggesting that 
the performance at these temperatures are sensitive to 
the extent of the austenite decomposition, possibly as 
a results of DIF as discussed in literature. Given that 
test temperatures were selected independent of material 
considerations, it is possible that this temperature hap-
pened to coincide strongly with this effect for Ti-alloy. If 
other steels were tested in a temperature close to the Ar3 
comparable to that observed for Ti-alloy, it is possible a 
similar sensitivity may be observed. The MedC+S (Ae3 

= 771°C and Ae1 = 719°C) did not show ferrite growth at 

PAGBs for the 750°C likely due its lower austenite-ferrite 
equilibrium temperature.

Fitting its application, MedC+S intentionally had a 
significant amount of S. This S content did not appear 
to detract from overall hot ductility performance at least 
in comparison to steels C-Mn and V-alloy. However, it 
is seen that certain individual tests showed significantly 
worse results. Fractography on a sample showing par-
ticularly poor ductility is shown in Fig. 10. All samples of 
this grade showed some number of nonmetallic particles, 
however, Fig. 10b shows a large cluster of these particles at 
the surface. More generally, this specific sample showed 
more dispersed nonmetallic particles throughout the 

Steel Ti-alloy showing different extent of transformation at 750°C; (a) 35.8 RA%, (b) 58.9 RA%.

Figure 9

Steel MedC+S at 750°C with poor hot ductility under scanning electron microscope (SEM) at low (a) and high (b) 
magnification.

Figure 10

http://www.aist.org
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fracture surface. The better average 
ductility performance of this grade 
compared to C-Mn and V-alloy at 
low temperatures can be attributed 
to the formation of DIF triggered 
by MnS inclusions as indicated by 
Abushosha et al.2 Thus, the over-
all hot ductility performance of 
MedC+S was good, but it should 
be expected to that local structures 
will arise at some frequency that 
increase crack susceptibility during 
casting. 

To understand if the PAGS was a 
significant factor, the PAGBs were 
revealed as shown in Fig. 11. All 
steels but Ti-alloy had better qual-
ity etches in the 750°C samples 
compared to the 1,350°C samples, 
likely due to some amount of C seg-
regation to PAGB. As confirmation 
that the 750°C PAGS can be used 
despite possible austenite decompo-
sition, nital-etched microstructures 
at 750°C and 1,350°C were com-
pared and showed all but Ti-alloy 
were reasonably comparable. The 
ASTM grain numbers and mean 
lineal intercept results for PAGS are 
given in Table 3. The PAGS results 
shows NbTi has a substantially 
finer grain size compared to the 
other grades. This is likely caused 
by the pinning behavior of stable 
TiN precipitates at the homogeniza-
tion temperature (1,350°C) that are 

Prior austenite grain boundaries revealed in metallographic specimens of 
NbTi 750°C quench (a), C-Mn 750°C quench (b), Ti-alloy 1,350°C quench 
(c), V-alloy 750°C quench (d), and MedC+S 750°C quench (e).

Figure 11

Prior Austenite Grain Size Measurements
750°C quench 1,350°C quench

Steel ASTM grain  
size number

Mean lineal  
intercept (µm)

ASTM grain size 
number

Mean lineal  
intercept (µm)

NbTi 4.3 71.8 2.6 130

C-Mn 2.4 139 1.8 170

Ti-alloy — 110 1.8 174

V-alloy 2.5 134 3.1 110

MedC+S –0.5 378 -0.6 400

Table 3
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expected to have formed in this steel. The fine PAGS 
likely supported the good hot ductility behavior of NbTi. 
However, it is unclear how different the PAGS from this 
test is from the real scenario where the austenite forms at 
higher temperatures and so some caution is warranted 
with the results for this sample. Steel Ti-alloy also con-
tains a similar level of Ti as the NbTi steel but shows 
a larger PAGS that is more comparable to C-Mn and 
V-alloy. In considering the Thermo-Calc predicted sta-
bility of the Ti-rich phase in Ti-alloy, it appears that this 
precipitate phase may be less stable at the homogeniza-
tion temperature used and may have some coarsening or 
dissolution occurring that reduces the pinning of the aus-
tenite grain boundaries. Thus it appears that the good hot 
ductility results for Ti-alloy is not resultant from a fine 
PAGS when compared to the C-Mn and V-alloy steels. It 
is also apparent that MedC+S has a much larger PAGS 
than all other steels but has moderately better hot ductil-
ity results compared to C-Mn and V-alloy. This suggests 
that in all but NbTi, PAGS is not the dominant factor.

The influence of precipitate forming elements other 
than Ti such as Nb, V and Al is less clear. Only NbTi 
used a Nb addition but separating the influence of Nb 
from other factors such as the aforementioned fine PAGS 
for this steel is difficult. In any case, it appears that the 
Nb addition did not hinder hot ductility performance. 
Vanadium was used in both V-alloy and MedC+S, the lat-
ter of which used significantly more and showed a greater 
V(CN) content at low temperatures according to Thermo-
Calc predictions. In the results, it does not appear that 
this was a singular dominating factor either as MedC+S 
had slightly better performance than V-alloy. The AlN 
equilibrium level predicted by Thermo-Calc does trend 
with results, but this study had no direct observation 
on the potential formation or effect of these precipitates 
making it difficult to conclude this the primary cause for 
the depth of the hot ductility trough. 

As these steels were industrially produced using a 
scrap-based EAF process, residual elements were present. 
Of particular importance, the Cu level was noted to be 
higher NbTi, C-Mn, and V-alloy while all steels had a 
Ni to Cu ratio below 0.5. It is possible that the lower Cu 
values of Ti-alloy and MedC+S did assist hot ductility 
performance in comparison to C-Mn and V-alloy steel. 
In NbTi, the higher Cu content did not appear to be a 

determining factor perhaps due to other effects such as its 
finer PAGS or impact of Nb(CN) precipitation. Further 
investigation is needed to evaluate if the variation in Cu 
content of these grades was a factor in the hot ductility 
performance as these hot ductility tests conducted in a 
vacuum off a less severe oxidizing environment compared 
to actual casting conditions.17 

Conclusions 
Hot ductility testing on five steel grades was performed to 
provide a simple comparison of performance and crack 
susceptibility through secondary cooling and bending/
straightening operations in a curved continuous caster. 
The results produced in this work matched operational 
experience well and are summarized as follows:
•  The NbTi steel hot ductility performance was 

excellent, likely owing to a fine PAGS result-
ing from a TiN dispersion and the testing cycle 
applied.

•  Good hot ductility was seen in the Ti-alloy steel 
despite having comparable PAGS to steels C-Mn 
and V-alloy, likely owing to a lesser amount of AlN 
formation. Variation in was seen in 750°C test 
where samples with more ferrite in the subsurface 
structure correlated with higher RA%.

•  MedC+S had moderate hot ductility performance 
despite its medium C level, high S content and 
large PAGS. Test variation appeared to be related 
to the large number of nonmetallic particles (likely 
MnS).

•  Steels C-Mn and V-alloy had relatively poorer 
hot ductility performance, possibly related to AlN 
formation.
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Blastr Green Steel Receives Funding From Ecolab to Minimize Water Usage, Discharge   
Water, hygiene and infection prevention solutions and services company Ecolab has invested in and will collabo-
rate with Blastr Green Steel to develop water management systems at its steel plant in Inkoo, Finland.

Did You Know?

The companies intend to work together to minimize seawater intake, seawater discharge and heat load to the sea. 
They estimate reductions of up to 85 to 90% and will explore further advances through stormwater integration 
and the use of municipal wastewater. 

“Our collaboration has already created a path for Blastr to significantly reduce their water and energy use, 
limiting the project’s environmental footprint and freeing up kilowatts for core process and production needs,” 
said Thaís Gervasio, senior vice president and general manager of water solutions Europe at Ecolab.

The company said Ecolab has invested in the project and already begun to design the water management 
system. When the time comes, it will also build and operate it. 

“Ecolab will work with us to design a water management system that advances Blastr’s commitment to building 
a world-class steel mill with a significantly reduced environmental footprint,” said Mark Bula, chief executive 
officer of Blastr Green Steel. 
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