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Abstract: HVOF thermal spray process produces coatings with low porosity and low oxide
content, as well as high substrate adhesion. Small variations on the parameters of the HVOF
process can generate coatings with different characteristics and properties, which also is
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some variations in nickel and boron content were studied. Taguchi experimental design with
L9 orthogonal array was used in this work. Porosity, oxide content, tensile adhesion strength
and microhardness of the coatings were evaluated. The results indicated that all factors have
significant influence on these properties. Chemical composition of the alloys was the most
important factor, followed by the carrier gas pressure, standoff distance and powder feed
rate. The addition of Ni, produces coatings with lower levels of oxide content and porosity.
An experiment with improved parameters was conducted, and a great improvement on the
coating properties was observed.
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1. Introduction

Thermal spraying process consists of a group of processes used to deposit different
materials, like metallic or non-metallic materials on a prepared surface, with intend to
modify the surface properties, like corrosion, abrasion resistance [1-4].

Most of the thermal spray process consist of the material heating in a molten or
superheated state, and these particles are accelerated to the substrate surface by a
carrier gas. However, thermally sprayed coatings have some imperfections such as pores
and oxides. The main mechanism of adhesion and cohesion of the coating is mechanical
anchoring of the splats [5, 6].

Several studies have been conducted with thermally sprayed coatings with the
objective to analyze its cavitation erosion resistance and mass loss mechanisms. It was
observed that the cavitation erosion resistance of thermally sprayed coatings can be
improved when these alloys are deposited by high speed process (HVOF, high velocity
oxygen fuel). The better performance has been attributed to the higher kinetic energy of
the particles, providing greater adhesion and cohesion between the splats [7-13].

Taguchi experimental design is a method that allows to evaluate how different
parameters affect the deposition process and their properties. The design proposed by
Taguchi involves the use of orthogonal array, with intend to organize different parameters
that can affect the process, and their subsequent levels. The main goal of the Taguchi
method is to determine which factors most affect the quality and the properties of the
coating with a minimum experiments, saving time and resources [14-16].

The objective of this paper is to study the influence of some parameters on the
morphology, adhesion and microhardness of thermally sprayed coatings deposited by
a This is an Open Access artdle distributed under the terms of High Velocity Oxygen-Fuel thermal spray (HVOF) process. The parameters analyzed in
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orthogonal array, which allows to study the interactions of 4 factors (process parameters) with 3 levels (different
levels of the parameters). Three FeMnCrSi alloys were studied, with Nickel, Boron and Nickel+Boron addition.

The experimental design was carried out in two steps, initially a study was carried out to analyze the influence
of the selected parameters on the properties of the coating, such as porosity, oxidation, adhesion and hardness.
Afterwards, an additional experiment was performed with optimized parameters to confirm the results from the
experimental design.

2. Experimental Procedure

The alloys were manufactured by inert gas atomizing process (argon). Before the HVOF deposition process,
the powders were sieved and particles with diameters up to 63um (230 mesh) were used . Figure 1 shows the
morphology of the powders. The specific chemical composition of these alloys is not presented due to patent
rights that are not completed yet.
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Figure 1. SEM of atomized powders alloys: (a) alloyl: FeMnCrSi+Ni; (b) alloy2: FeMnCrSi+Ni+B; and (c) alloy3:
FeMnCrSi+B.

SAE 1020 carbon steel substrate with 150 x 35 x 3,2 mm were used in this work. The surface was sand blasted
with white aluminum oxide (36 mesh).

Table 1 shows the selected parameters, and their different levels,. These data were used in the L9 orthogonal
array.

Table 1. Set of factors and levels used in this study.

Level
Factor
1 2 3
Alloy FeMnCrSi+Ni FeMnCrSi+Ni+B FeMnCrSi+B
Standoff distance (mm) 200 275 350
Powder feed rate (g.min’) 25 35 45
Carrier gas pressure (MPa) 0.758 0.896 1.034

Standoff distance, powder feed rate and carrier gas pressure are factors that directly affect the oxidation and
porosity of the coatings, with different levels for similar alloys. The levels defined in this experiment are based on
the values recommended by manufacturers [17], as well as articles where similar alloys deposited by HVOF were
studied [18-27].

Table 2 shows the L9 orthogonal array with the factors and levels used in this article.

Analyses of variance were performed for all the factors (parameters), testing the following hypotheses:

 H,: Factor is not significant;
* H,: Factor is significant.
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Table 2. Orthogonal array Taguchi L9 for parameter validation study.

Experinient Alloy Standoff distance Powder f.eed rate  Carrier gas pressure

(mm) (g.min") (MPa)
1 FeMnCrSi+Ni 200 25 0.758
2 FeMnCrSi+Ni 275 35 0.896
3 FeMnCrSi+Ni 350 45 1.034
4 FeMnCrSi+Ni+B 200 35 1.034
5 FeMnCrSi+Ni+B 275 45 0.758
6 FeMnCrSi+Ni+B 350 25 0.896
7 FeMnCrSi+B 200 45 0.896
8 FeMnCrSi+B 275 25 1.034
9 FeMnCrSi+B 350 35 0.758

Statistical software Minitab16® was used to generate the p-value, which is an indicative of the acceptability
of the hypothesis, and a p-value less than 0.10 reject the hypothesis H, (considering the significance level of 90%).

The deposition equipment used was a DiamondJet 2700 gun from Sulzer Metco. The parameters maintained

constant for these depositions are described in Table 3, and also are based on the values recommended for similar
alloys [17].

Table 3. Process parameters set for the depositions.

Parameters Values
Oxygen Pressure 1.034 MPa
Oxygen Flow 265.4 |.min~'
Propylene Pressure 0.689 MPa
Propylene Flow 71.4 . min™
Air Pressure 0.517 MPa
Air flow 317.0 L min™
Carrier gas flow N, 60 l.min™'

The metallographic preparation of the deposited coatings was conducted by cutting the samples, followed
by mounting, grinding and polishing. Oxide morphology and distribution was conducted by EDS mapping, where
each alloying element distribution on the microstructure can be visualized.

Porosity and oxide content measurement was carried out by grayscale threshold in SEM images of the
microstructure. After the definition of each micro constituent, a correspondent gray scale level was selected,
characterized by the limits of the gray level for pore, oxide and metallic phase, the area fraction of each phase is
calculated. In this technique, 8 images of the cross section with magnifications of 500x were used to analyze area
fraction oxide, and 2000x for the identification of pores on the microstructure. The Analysis® software was used
for this procedure.

Figure 2 shows an example of the application of image analysis for porosity and oxide content measurement
in experimental coating 3 (Table 2).The yellow areas in Figure 2b are the metallic phase, green areas emphasized
by dotted lines are oxides, and red points are pores.

The tensile adhesion strength measurements were carried out in accordance with ASTM C633-01/2008 [28]
(Standard test method for adhesion or cohesion strength of thermal spray coatings). It was tested three samples
for each condition, all of them with 250 um of coating thickness. The glue used was the HTK Ultra Bond® 100.

The microhardness measurements were made in an EMCOTEST/Durascan hardness tester with 300 gf of
load and indentation time of 15 seconds. The measurements were carried out on the cross section of the coatings.
Three indentations were realized in eight different regions for each sample.
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SEM HV: 20.0 kV WD: 14.92 mm |
View field: 139 um Det: BSE 20 ym
SEM MAG: 2.00 kx | Date(m/d/y): 09/11/13 LACTEC - DVMT

Figure 2. Example technique for measuring porosity and oxide content. (a) before image treatment, and (b) after
treatment.

3. Results and Discussion
3.1. Coating morphology

Figure 3 shows the SEM images of the experiments 1, 4 and 7. It is possible to identify the formation of
small pores between the splats, indicated by arrows, the morphology of the oxides is indicated by dotted lines.
The presence of semi-molten particles indicates that the temperature of the particles was not high enough to
improve the wettability of the larger particles.

It was observed that the addition of Boron in FeMnCrSi+Ni+B and FeMnCrSi+B caused a small increase in
splats deformation observed by the splats thickness reduction. This is evident by the reduction on the quantity of
large particles. Boron provides a reduction of the melting point of the alloy, and this contributes to the increase
on the deformation of the particles. Melting temperature reduction even by small additions of boron in iron alloys
was observed by Amushabhi [29].

SEM HV: 20.0 KV WD: 14.89 mm VEGA3 TESCAN|  SEM HV: 20.0 kv WD: 14.79 mm 3 SEM H\ 3 VEGA3 TESCAN|

View 138 pm SE
LACTEC - DVMT SEM MAG: 2.00 kx__ Date(m/dly): 09/12/13 M MAG: 2.00 kx 3 LACTEC - DVMT

Figure 3. Coating morphology of cross section, comparing the alloys deposited with different parameters.
(a) Experiment 1 (FeMnCrSi+Ni); (b) experiment 4 (FeMnCrSi+Ni+B); (c) Experiment 7 (FeMnCrSi+B).
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It was also observed, comparing experiment 1 (FeMnCrSi+Ni) with the experiment 7 (FeMnCrSi+B), that the
alloy without Ni presents higher oxide content, indicating that Ni reduce the oxide content on the microstructure
of the coatings. The Ni influence on the oxide content reduction, probably occurred by the Ni enrichment near
the oxide film formation [30]. Ni content reduction on the oxide was observed in work of Syed et al. also suggest
this explanation [31]. This Ni enrichment reduces the oxide layer growth and consequently the thickness of the
oxide, this behavior was observed in work of Rossi and Elsener [32].

The great influence of the process parameters variation on the HVOF coatings morphology can be observed in
Figure 4. In this Figure the same alloy (FeMnCrSi+Ni) shows different porosity and oxide content levels for distinct
sets of experiments. The coatings showed great differences in morphology mainly due to the higher presence of
oxides in experiment 2.

°

SEM HV:/Z0.0 kv WD’: 15.01 mm VEGA3 TESCAN
View field: 138 ym Det: BSE 20 pm
SEM MAG: 2.00 kx | Date(m/d/y): 09/11/13 LACTEC - DVMT

SEM HV: 20.0 kV WD: 14.87 mm VEGAS3 TESCAN
View field: 139 pm Det: BSE 20 ym
SEM MAG: 2.00 kx  Date(m/dly): 09/11/13 LACTEC - DVMT

Figure 4. Comparison of the morphology of the coatings with FeMnCrSi+Ni using two different process parameters.
In (a) experiment 2 and (b) experiment 3.

When two sets of experiments are compared, it can be observed the influence of the parameters on the
microstructure. In this case, the increase of the parameters values (standoff distance, carrier gas pressure and
powder feed rate) reduce the oxide content of the FeMnCrSi+Ni alloy. The coating of the experiment 2 also shows
less deformed particles, this behavior probably occurs by the higher oxide content, which reduce the splats
deformation, these results are in accordance with the work of Sobolev and Guilemany [331.

Figure 5 shows, for the same region in Figure 4, the chemical composition maps of the coating. In this
Figure the distribution of each alloying element can be observed. It can be observed that in oxides shows higher
concentration of the elements Mn and Si. These elements have great affinity with the oxigen. In experiment 3, it
can be observed a lower presence of oxides.

3.2. Porosity and oxide content analysis

Figures 6 and 7 show the results of the porosity and oxide content of the samples, respectively. The FeMnCrSi+Ni
alloy (experiments 1, 2 and 3) showed a lower porosity and oxide content, regardless of the parameters used,
indicating that the addition of Ni is really effective to reduce the porosity.
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Figure 5. Chemical composition maps by EDS for FeMnCrSi+Ni, deposited under two different sets of parameters.
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Figure 6. Porosity results.

The Taguchi analysis, presented in Table 4, shows the porosity variance for each factor.

According to the analysis of the variance, all factors showed p-value less than 0.10 rejecting the hypotheses
H,, demonstrating that all factors influence the porosity of the coatings.

With intend to identify which factor affects more the coating porosity, Taguchi experimental design [15]
describes how to create a ranking for each factor, based on the delta value. Higher values of delta indicates higher
influence of this factor on the measured propertie. Table 5 shows the ranking of the most influent parameters on
the porosity of the coatings (rank = 1, means that this is the most influential factor for the porosity reduction).
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Figure 7. Oxide content results.

Table 4. Analysis of variance for porosity, with 90% significance level.

Factor Df Sum of Squares Mean Square F-Ratio P-Value
Alloy 2 23.9940 11.9970 40.08 0.000
Standoff distance 2 5.1185 2.5593 8.55 0.001
Powder feed rate 2 8.8456 44228 14.78 0.000
Carrier gas pressure 2 8.5410 4.2705 14.27 0.000
Error 27 8.0815 0.2993
Total 35 54.5806

Table 5. Rankings of influence of the factors for the mean porosity, condition ‘lower porosity is better’.

Level Alloy Standoff distance Powder feed rate  Carrier gas pressure
1 0.5500 1.5425 2.3592 1.6408
2 2.0592 1.3083 1.1842 2.3000
3 2.4408 2.1992 1.5067 1.1092

Delta 1.8908 0.8908 1.1750 1.1908

Rank 1 4 3 2

The factor ‘Alloy’ showed higher delta value, indicating that parameter was more influential, followed by
the ‘Carrier gas pressure ‘, ‘Powder feed rate’ and finally the ‘Standoff distance’. In this case the alloy influence on
the porosity can be explain by the improvement on the splats deformation and oxide content reduction. Splats
deformation increase contact area between the splats, reducing the porosity. The oxide content reduction can
also improve the splats deformation reducing the porosity of the coating, this behavior was discussed in work of
Sobolev and Guilemany [33].

Figure 8 shows the influence of each parameter, ie, the effect for each level and factor on the porosity of
the coatings.

Tukey test method was accomplished considering a 90% of confidence level. This test determines if the levels
is significant. In the case of ‘alloy’ factor it was observed that the (FeMnCrSi+Ni) alloy showed the lowest porosity,
the other alloys showed similar behavior.

For the factor ‘Standoff distance’ levels 1 and 2 were not significantly different and promotes the lowest
level of porosity. This indicates that there is no statistically significant difference between these two levels, on the
interval between 200 and 275 mm, the standoff distance did not significantly affect the porosity.
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Figure 8. Main effects on the means of the percentage of porosity.

The factor ‘Powder feed rate’ showed similar behavior than ‘Stadoff distance’, and the Level 2 and 3 promote
the lowest average values of porosity, with no significant difference between them. In other words, the lower
porosity levels are achieved between the Powder feed rates 35 to 45 g.min.

The ‘carrier gas pressure’ factor showed a different behavior, and at all levels are significantly different, where
the level 3 is responsible for the lowest level of porosity, for example, lower porosity is obtained with pressure
of 1,034 MPa.

The variance analysis for oxide content is presented in Table 6.

Table 6. Analysis of variance of the oxide content, with 90% significance level.

Factor Df Sum of Squares Mean Square F-Ratio P-Value
Alloy 2 452.87 226.44 46.92 0.000
Standoff distance 2 508.72 254.36 52.71 0.000
Powder feed rate 2 0.93 0.46 0.10 0.909
Carrier gas pressure 2 118.42 59.21 12.27 0.000
Error 27 130.30 4.83
Total 35 1211.24

According to this analysis the factors ‘Alloy’, ‘Standoff distance’ and ‘Carrier gas pressure’, p-value is less
than 0.10, then reject the hypotheses H,, which are significant factors, i.e, have influence on the oxide content.

For the factor “Powder feed rate” p-value is higher than 0.10, then accepts the hypothesis H , so it is considered
that this factor is not significant to the content of oxide in the coatings.

Table 7 shows the ranking of the most influent parameters on the oxide content (rank = 1, indicate the most
influential factor for the lowest oxide content).

The ‘Standoff distance’ was the most influential factor for the oxide content, followed by ‘Alloy’, ‘Carrier gas
pressure’ and at last the ‘feed rate’. Figure 9 shows the influence of each parameter, on the oxide content of the
coatings.
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Table 7. Ranking of influence of the factors for the mean oxide content, condition ‘smaller is better’.

Level Alloy Standoff distance Powder feed rate  Carrier gas pressure
1 15.15 15.02 19.68 21.85
2 23.75 24.20 19.72 20.14
3 20.52 20.22 20.03 17.44

Delta 8.60 9.18 0.36 441

Rank 2 1 4 3

Alloy Standoff Distance
25.0
22.54
20.0
& 1754
=
5
'E 150 T T T T T T
g FeMnCrSi+Ni FeMnCrSi+Ni+B  FeMnCrSi+B 200 275 350
» Powder feed rate Carrier gas pressure
O 25.04
S
3 2254
20.0 - - e \
17.5 \-
15.0

T T T

T T T
25 35 45 0.758 0.896 1.034

Figure 9. Main effects on the means of oxides content.

Tukey test method was accomplished and it was observed that the ‘Alloy’ factor have a significantly
influence on the oxide content, in accordance with observed on the Figure 3. The level 1 is significantly different
(FeMnCrSi+Ni) resulting in lower oxide content of than the levels 2 and 3, demonstrating the influence of the Ni
on the oxide formation.

The ‘Standoff distance’ factor analysis indicates that the 200 mm showed lower oxide contents than the others
samples. Reducing the standoff distance, reduce the time that the particle is exposed at the higher temperature
of the flame. The ‘feed rate’ factor shows no significant difference between levels.

The ‘carrier gas pressure’ factor showed a different behavior, the levels 1 and 2 are not significantly different,
making it clear that the level 3 is responsible for the lower content of oxides.
3.3. Tensile adhesion tests

Figure 10 shows the results of tensile adhesion tests. For all experiments the failure mode was adhesive.
That means that the fail occurs at the interface between coating and substrate.

The experiment 6 showed penetration of the adhesive trough the coating due to the high porosity and
small thickness as a consequence of low deposition efficiency with these parameters values. In this case, some
of the statistical analyses were not realized, however it was possible to calculate the main effects of the different
parameter levels, excluding the invalid data of the experiment 6.

Table 8 shows the ranking for the mean of the main effects of the adhesion of coatings according to adhesion
strength.

Figure 11 shows the influence of each parameter on the adhesion tests.
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Figure 10. Results of the adhesion test.

Table 8. Ranking of influence of the factors for the mean adhesion strength, condition ‘higher is better’.

Level Alloy Standoff distance Powder feed rate  Carrier gas pressure
1 39.32 34.62 35.03 31.79
2 24.55 30.57 33.95 33.17
3 32.22 39.12 33.74 38.74
Delta 14.76 8.54 1.28 6.95
Rank 1 2 4 3
Alloy Standoff Distance
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Figure 11. Main effects on the adhesion strength of the coatings.

Considering the results for tensile adhesion tests, the influence of the alloy composition and the processes
parameters on the porosity and oxide content significantly affects the tensile adhesion behavior of the coatings.
In this case, the parameters optimization for higher adhesion strength must to be conducted with intend to reduce
the porosity and oxide content of the coating.

3.4. Microhardness

Figure 12 shows the results of microhardness measurements. The results are the average and standard
deviation values of 24 indentations in the transversal section of each sample.
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Figure 12. Vickers microhardness of the coatings.

The analysis of the variance for the microhardness is shown in Table 9.

According to analysis of variance, all factors showed p-value less than 0.10, rejecting the hypotheses H .
Thus all factors are influence on the microhardness of the coatings. Table 10 shows the ranking of the parameters
influence on the microhardness.

The ‘Carrier gas pressure’ is the most influential factor, followed by ‘Powder feed rate’ and ‘Alloy’. Finally
the ‘Standoff distance’, showed less influence on the microhardness. Figure 13 shows a graph of the influence of
each parameter on the microhardness of the coatings.

Tukey test method showed that the level 1(FeMnCrSi+Ni) of the ‘Alloy’ factor promote the lowest hardness
value, this occurs because of this alloy do not have Boron on the formulation, which can promote a hardness
increase by interstitial solid solution. In this case, the levels 2 and 3 have higher microhardness values, indicating
that the addition of Boron is effective for the microhardness increase of the coatings.

Table 9. Analysis of variance of the microhardness, with 90% significance level.

Factor Df Sum of Squares Mean Square F-Ratio P-Value
Alloy 2 30667 15333 12.54 0.000
Standoff distance 2 14060 7030 5.75 0.008
Powder feed rate 2 74220 37110 30.35 0.000
Carrier gas pressure 2 90457 45229 36.99 0.000
Error 27 33009 1223
Total 35 242413

Table 10. Ranking of the influence of the parameters on the microhardness, condition ‘higher is better’.

Level Alloy Standoff distance Powder feed rate  Carrier gas pressure
1 276.0 3445 253.0 3435
2 330.1 303.2 356.4 246.3
3 3435 302.0 340.2 359.8

Delta 67.5 42.5 103.4 113.6

Rank 3 4 2 1
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Figure 13. Main effects on the mean microhardness.

Level 3 of the ‘Standoff distance’ factor, showed the highest microhardness value. This result indicates
that the distance of 200 mm coatings promoted higher microhardness values for these coatings. The increase in
microhardness with shorter standoff distance is explained by the lower porosity of this sample and, consequently
better splats cohesion.

For the ‘Powder feed rate’ factor, the level 1 showed the lowest microhardness values. Levels 2 and 3
(35 and 45 g.min™) are responsible for the highest microhardness values, this behavior can be explained by the
higher porosity of the samples with 25 g.min™ powder feed rate level.

The ‘carrier gas pressure’ factor did not showed a clear influence on the hardness. It was observed a
microhardness increase on the samples deposited with the lower and higher levels of carrier gas pressure.

3.5. Optimized parameters and confirmation experiments

Considering the results obtained previously, the most influential factor was the “Alloy”, and the best results
of porosity and oxide content were obtained with the ‘FeMnCrSi+Ni’ alloy.

The “Carrier gas pressure” was the second most influential factor, and it is evident that the pressure of
1.034MPa provides the best results for all analyzed properties. The “Standoff distance” is the third most influential
factor, 200 mm of standoff distance produces the coatings with lower porosity and oxide content, improving the
tensile adhesion strength.

The less influential factor observed in this study was the “Powder feed rate” where the highest value,
45g. min, produces an improvement on the coating porosity and microhardness.

A confirmation experiment was performed using the optimal combination of these parameters as shown
in Table 11.

The morphology obtained with optimized parameters showed a significant microstructure improvement, with
a more dense coating, improving the particles deformation, with thinner oxide interlayer formation, and lower
porosity, compared with the samples deposited with the first set of parameters. Figure 14 shows SEM images of
this coating.

The results of the sample deposited with the optimized parameter indicates a lower porosity and oxide
content compared to the coatings obtained with the first set of parameters. The result of tensile adhesion tests
was near the best results observed previously. The results of Vickers microhardness values are intermediate to
those observed in coatings deposited during the analysis of parameters, because of the lower oxide contents,
reducing the hardness of the sprayed coatings.
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Table 11. Parameters used in the confirmation experiment.

Experiment Alloy Standoff distance Powder feed rate  Carrier gas pressure
Confirmation FeMnCrSi+Ni 200 mm 45 g.min™' 1.034 MPa

SEM HV: 20.0 kV WD: 14.56 mm | VEGA3 TESCAN SEM HV: 20.0 kV WD: 14.55 mm 11 | VEGA3 TESCAN|

View field: 554 pm Det: BSE 100 pm View field: 138 ym Det: BSE 20 ym
SEM MAG: 499 x Date(m/d/y): 02/18/14 LACTEC - DVMT SEM MAG: 2.00 kx | Date(m/d/y): 02/18/14 LACTEC - DVMT

Figure 14. SEM images of the coating obtained with the optimized parameters. In (a) overview of the coating;
(b) same area of the coating with 2000x magnification.

Table 12 shows the coatings properties of the sample deposited with the optimized parameter, compared
with the best result obtained previously.

These results confirm the improvement on the properties (porosity, oxide content, tensile adhesion). In this
case the porosity and oxide content reduction showed the improvement of the coating quality with the correct
parameter optimization.

Table 12. Performance of the confirmation coating.

Probert Mean Standard Best previous Percentage
perty deviation result reduction
Porosity 0.05 0.02 0.31 83%
Oxide content 8.94 1.70 12.27 27%
Tensile Adhesion Strength 40.29 4.71 45.24 11%
Microhardness 366 22 441 17%
4, Conclusions

The use of the Taguchi experimental design proved to be a great tool for analyzing the HVOF deposition
process used in this work. After first experimental design, were selected the optimum level for each parameter.
Resulting in a coating properties improvement.

Morphological analysis of the coatings, which involves porosity and oxide content analysis, showed a significant
influence of the chemical composition of the alloy, spraying distance and carrier gas pressure on these properties.
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Nickel addition reduces the oxide content and porosity, meanwhile the Boron addition improves the hardness
of the coatings. The alloys with Nickel, in general, showed lower porosity and oxide content.

Carrier gas pressure and Standoff distance had a strong influence on the properties of the coatings, where
the pressure of 1.034 MPa, for the carrier gas, and 200 mm distance deposition, were considered the optimized
values. Feed rate showed less influence on the coatings properties, and the results are slight better for higher
powder feed rate level, 45 g/min.
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