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Abstract

In this paper, we report the effects of cold rolling, ball milling, and cold pressing on the
first hydrogenation behavior of Ti0.488Fe0.460Mn0.052 alloy synthesized by gas atomization
and exposed to the air for an extended period. It was found that cold pressing led to a
higher hydrogen absorption capacity of 1.9 wt.%, while ball milling significantly improved
the kinetics, achieving an incubation time of only 7 min. The cold-rolled sample (5 passes)
showed a hydrogen absorption capacity similar to the ball-milled sample (1.5 wt.%) but
with a slower hydrogenation rate. To further optimize the cold rolling process, the influence
of the rolling atmosphere and the number of passes was systematically examined. In both
air and argon, increasing the number of cold rolling passes resulted in longer incubation
times. However, samples rolled under argon showed shorter incubation times compared
to those rolled in the air. The difference between the two atmospheres became more
pronounced after 20 rolling passes; the sample rolled in argon showed an incubation time
of 55 min, whereas the sample rolled in air failed to absorb hydrogen even after 24 h.

Keywords: hydrogen storage; metal hydride; TiFe; gas atomization; cold rolling; ball
milling; cold pressing; argon atmosphere

1. Introduction
Hydrogen storage using metal hydrides is recognized as a safe and cost-effective

method, providing high volumetric hydrogen density at moderate temperatures and
pressures [1–3]. Among the reversible metal hydrides, FeTi-based alloys are interesting
due to their ability to undergo reversible hydrogen absorption at conditions close to room
temperature and atmospheric pressure, as well as the abundance and accessibility of their
constituent elements [4–7].

FeTi hydrogen storage alloys suffer from sluggish hydrogen uptake, primarily due
to the formation of stable oxide layers on the surface [8–10]. Activation of the TiFe alloys
synthesized through conventional methods such as arc melting requires repeated heating
cycles at approximately 400 ◦C under vacuum, followed by exposure to high hydrogen
pressures (up to 6.5 MPa) to initiate hydrogen absorption [11]. This necessity for high-
temperature and high-pressure activation represents an additional cost and a significant
barrier to their commercial application.

Various strategies have been proposed to enhance the absorption kinetics of these
materials. One common approach is partial substitution of Fe by transition metals such
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as Mn [12–16], Cr [17,18], and Ni [19,20]. Modi et al. reported that the reactivation of the
TiFe0.85Mn0.15 alloy, which had been deactivated due to surface oxidation from air exposure,
was significantly improved by applying a single heat treatment cycle (without the need
for multiple heat treatments) at temperatures up to a maximum of 300 ◦C under hydrogen
pressure [14]. Chung and Lee observed that partially substituting Fe with Mn promoted
activation, which was attributed to the formation of secondary phases [21]. Fruchart et al.
also reported that Mn addition increases the unit cell volume, which facilitates the hydrogen
absorption at lower pressures [22].

Furthermore, the addition of a small amount of Zr to TiFe often leads to the formation
of a secondary phase which acts as a gateway for hydrogen diffusion [23–28]. Manna et al.
found that as-cast TiFe + 4 wt.% Zr absorbed 1.5 wt.% hydrogen after 45 min of incubation
time [24]. Jain et al. demonstrated that the addition of zirconium, either in its pure form
or as an alloy, enabled the activation of TiFe after arc melting, without requiring any prior
treatment [28].

Mechanical treatments such as cold rolling (CR) [24,29–31], ball milling (BM) [32–35],
and high-pressure torsion (HPT) [36,37] are also promising methods for improving the
activation behavior of TiFe alloys. These techniques can introduce defects, reduce particle
size, and create fresh surfaces that enhance hydrogen uptake kinetics [24,29,38]. Abe et al.
found that TiFe alloys synthesized via mechanical alloying followed by annealing could
absorb hydrogen at room temperature. They observed that the first hydrogenation behavior
of mechanically alloyed TiFe was significantly improved compared to conventional TiFe
alloys produced by induction melting [34]. Chiang et al. prepared TiFe by arc melting and
subjected the alloy to ball milling under hydrogen [39]. Their findings indicated that ball
milling in hydrogen atmosphere enabled TiFe to absorb hydrogen without requiring an
activation treatment. Vega et al. reported that TiFe processed by arc melting and subse-
quently subjected to 20 or 40 cold rolling passes under an inert atmosphere could absorb
hydrogen rapidly at room temperature without the need for thermal activation, reaching a
hydrogen absorption capacity of 1.4 wt% [30]. Gómez et al. found that nanostructured TiFe
synthesized by the high-pressure torsion (HPT) method could absorb hydrogen at room
temperature with fast kinetics after an activation treatment by a single-cycle evacuation at
673 K for 2 h [37]. Manna et al. studied TiFe + 4 wt% Zr + 2 wt% Mn alloy produced by
the induction melting method and reported that after seven days of air exposure, the first
hydrogenation kinetics were slow, with a long incubation time [24]. After 30 days of air ex-
posure, no hydrogen absorption was observed. However, they showed that the air-exposed
alloy could still be hydrogenated after ball milling or cold rolling, although with reduced
capacity and slower kinetics. Similarly, Ulate-Kolitsky et al. investigated the same TiFe + 4
wt% Zr + 2 wt% Mn alloy produced by gas atomization, a method capable of directly pro-
ducing metallic powders with high cooling rates, resulting in refined microstructures [29].
They demonstrated that gas-atomized alloy exhibited finer microstructures compared to
induction-melted alloy, and cold rolling was more effective in recovering the hydrogenation
performance of the atomized alloy compared to induction-melted samples. These results
indicate that the effectiveness of cold rolling strongly depends on the alloy’s microstructure.
Patel et al. investigated the effect of cooling rate on the microstructure and hydrogenation
performance of TiFe + 4 wt.% Zr alloy and found that higher cooling rate led to a finer
microstructure, which significantly improved hydrogen absorption kinetics [40]. These
studies suggest that gas atomization could be a promising method for the production of
metal hydride alloys with refined microstructures.

Despite these advancements, most studies on TiFe-based alloys have focused on sam-
ples produced by conventional casting methods, while investigations on gas-atomized
alloys remain scarce. Moreover, most existing works focus on a single mechanical process-
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ing technique (such as cold rolling or ball milling), whereas comparative evaluations of
different treatments are limited. In this work, we address this gap by investigating the
first hydrogenation behavior of Ti0.488Fe0.460Mn0.052 alloy synthesized by gas atomization
and stored in air for more than two years. Three mechanical treatments, cold rolling, ball
milling, and cold pressing, were systematically compared. In addition, the effects of rolling
atmosphere and number of passes on the first hydrogenation are reported. This approach
provides new insights into how different processing routes influence the activation of
gas-atomized TiFe-based alloys.

2. Materials and Methods
2.1. Materials

The Ti0.488Fe0.460Mn0.052 alloy in powder form was provided by GKN Hoeganaes
(Cinnaminson, NJ, USA). The powder was produced via gas atomization under an argon
atmosphere. After production, the samples were stored in the air for over 2 years.

2.2. Morphology and Crystal Structure

The microstructure and morphology of the powder were investigated using a Hitachi
SU1510 scanning electron microscope (SEM) (Hitachi High-Tech Canada, Toronto, ON,
Canada). Elemental composition was determined through Energy Dispersive X-ray Spec-
troscopy (EDX) with an Oxford Instrument X-Max system (Abingdon, UK), ensuring high
analytical resolution.

The phase composition and crystal structure of the samples were analyzed by X-ray
diffraction (XRD) using a Bruker D8 Focus powder diffractometer (Madison, WI, USA) with
Cu Kα radiation. The resulting XRD patterns were evaluated using the Rietveld refinement
software TOPAS V6.

2.3. Alloy Processing

High-energy ball milling was performed using a SPEX 8000M high-energy ball mill
(SPEX SamplePrep, Metuchen, NJ, USA). The powder-to-ball mass ratio was 1:10, and
milling was carried out for 10 min using a 55 cc stainless steel crucible. The vibration
frequency was 1060 cycles per minute. All the loading and unloading of the powder were
performed inside an argon-filled glove box to prevent contamination.

Cold pressing was carried out using a hydraulic press manufactured by Research
& Industrial Instruments Company (London, UK). A die with a diameter of 14 mm was
used to compact the powder under uniaxial pressure. The sample was subjected to a force
of 12 tons for 2 min. After cold pressing, the obtained pellet was manually crushed into
powder using a hardened steel mortar and pestle in the air.

Cold rolling in the air was conducted using a modified Durston DRM 130 model
(Durston Tools, High Wycombe, UK), with powder being rolled vertically between
two 0.5 mm-thick 316 stainless steel plates to avoid contamination. For cold rolling in argon,
an International Rolling Mills (Pawtucket, RI, USA) was placed inside an argon-filled glove
box. Rolling speed was 20 rpm for both air and argon atmospheres. The roller gap was
set to 1.1 mm; considering the combined thickness of the two steel plates (1.0 mm), the
effective rolling space available for the powder was approximately 0.1 mm.

2.4. Hydrogenation Properties

The first hydrogenation tests were carried out at room temperature (25 ◦C) under a
hydrogen pressure of 2000 kPa using a homemade Sievert-type apparatus. For each first
hydrogenation test, one gram of powder was placed in the sample holder and evacuated
for 15 min before the measurement.
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3. Results and Discussion
Figure 1 presents the microstructure of the atomized Ti0.488Fe0.460Mn0.052 powder,

revealing two distinct regions: a grey matrix and a darker grey filamentous region.

 

Figure 1. SEM images of the microstructure of the gas-atomized powder at magnifications of (a) 300×
and (b) 1000×.

Figure 2a shows a higher-magnification backscattered electrons micrograph. At this
magnification, three regions are visible. The main region (matrix) is light grey. Two
secondary regions are seen: a darker grey region (Spectrum 2) and a much smaller black
region (Spectrum 3). The chemical composition of the bulk material, matrix, and secondary
phases, as determined by EDS, is summarized in Table 1.

Table 1. Elemental composition in atomic percent (at. %) from EDX analysis of the gas-atomized
powder. Error on the last significant digit is in parentheses.

Element Nominal Bulk Spectrum 1 (Matrix) Spectrum 2 (Dark Grey Region) Spectrum 3
(Black Region)

Ti 48.8 49.4 (3) 47.5 (5) 59.1 (3) 66.6 (2)

Fe 46 45.3 (4) 48.4 (6) 34.8 (2) 26.3 (4)

Mn 5.2 5.3 (2) 4.1 (5) 6.1 (3) 7.1 (1)

Based on bulk composition measurement, the Ti, Fe, and Mn concentrations are near
the nominal composition. The elemental concentrations of the matrix are close to TiFe, with
Mn seemingly substituting on both Ti and Fe sites. Both the black and darker grey regions
are rich in Ti and have a Mn concentration slightly higher than that of the matrix. For both
regions, the composition is close to Ti2Fe.

The interface of the matrix and second phase was investigated by line analysis (Figure 2b).
The abundance of Ti slowly increases from the edge toward the center of the secondary
region while Fe abundance decreases. Mn concentration is almost constant in both the
matrix and the secondary phase. There is no indication of segregation at the edge.

The atomized Ti0.488Fe0.460Mn0.052 alloy was exposed to hydrogen at room temperature
under a pressure of 2000 kPa for 24 h. However, no hydrogen absorption was observed.
Surface oxides are easily formed on TiFe alloys, which can hinder hydrogen absorption [25,38,41].
Therefore, this lack of hydrogen absorption is likely attributed to the long air exposure
before hydrogenation. Previous studies have demonstrated that mechanical processing
techniques, such as ball milling and cold rolling, could improve activation kinetics after
air exposure by introducing cracks and generating fresh surfaces [24,29–35]. To address
the activation issue, various mechanical processing methods were applied and compared
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to the activation of gas-atomized Ti0.488Fe0.460Mn0.052 alloy. These included cold rolling
(5 passes), ball milling (10 min), and cold pressing. Figure 3 illustrates the morphology of
the atomized and mechanically processed powders. Figure 3a,b show that the atomized
powder consists of a mixture of spherical and irregularly shaped particles. The spherical
particles range in size from less than 20 µm to 300 µm, while the irregularly shaped particles
measure between 100 µm and 400 µm.

Figure 2. (a) High-magnification backscattered electron image of the EDS-analyzed regions of the
atomized powder, (b) line analysis.
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Figure 3. Morphology of gas-atomized powder (a,b); mechanically processed powders after 5 passes
of cold rolling (c,d), 10 min of ball milling (e,f), and cold pressing (g,h).

After five passes of cold rolling, the average particle size decreased significantly due
to the fragmentation of larger particles under mechanical deformation (Figure 3c). Most
of the particles were very small, with sizes below 20 µm. However, some larger particles,
approximately 100 µm in size, could still be observed, indicating that the fragmentation
process is not entirely uniform. Figure 3d further highlights the formation of cracks and
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highly fragmented particles, which become more evident at higher magnification. The
cracks are marked with arrows.

Ball milling also resulted in the breakdown of particles into finer, irregularly shaped
particles (Figure 3e,f). In contrast, cold pressing did not significantly reduce the average
particle size (Figure 3g). However, a higher-magnification image (Figure 3h) reveals the
presence of numerous cracks on both spherical and irregular particles.

The XRD patterns of atomized Ti0.488Fe0.460Mn0.052 and mechanically processed sam-
ples before hydrogenation are presented in Figure 4. In addition, the XRD pattern of
atomized TiFe is shown as reference sample. In all cases, only the TiFe phase is seen with
no indication of other phases. As shown in Figure 1, the secondary regions exhibit a thin,
filamentous structure and are present in a relatively small quantity compared to the matrix.
Due to its limited volume and morphology, the diffraction intensity of these secondary
phases was weak. Similarly, surface oxides typically form only a very thin layer (often
just a few nanometers thick) on the powder surface. Because they are so thin and not
very abundant, their XRD Bragg’s peaks are very weak and broad, making them hard to
distinguish from the background.

30 40 50 60 70 80 90 100
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Figure 4. XRD patterns of gas-atomized powder and mechanically processed powders (5CR-10BM-
CP) before hydrogenation.

Table 2 summarizes the Rietveld refinement results based on the XRD patterns of
Figure 4. As the TiFe pattern was taken on a different diffractometer, we could not perform
Rietveld’s refinement on this one using the fundamental parameters. However, the lattice
parameter of TiFe phase in reference TiFe alloys was 2.97971 (6) Å. Substituting Mn by
Fe led to increase in lattice parameter to 2.9828 (4). The lattice parameters remained
nearly constant across atomized Ti0.488Fe0.460Mn0.052 and mechanically processed samples.
However, a reduction in crystallite size and an increase in microstrains were observed
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after mechanical processing, which can be attributed to the introduction of defects and
dislocations in the crystal lattice. Among the samples, the ball-milled powder displayed
the smallest crystallite size and the highest microstrain, whereas the cold-pressed sample
exhibited the largest crystallite size and the lowest microstrain.

Table 2. Rietveld’s refinement of TiFe phase. The error on the last significant digit is shown in parentheses.

Sample Lattice Parameter (Å)
Crystallite Size

(nm) Microstrain (%)

As-Atomized 2.9828 (4) 44.0 (5) 0.132 (6)

CR5 2.9829 (6) 25.4 (2) 0.196 (2)

BM10 2.9838 (7) 8.6 (6) 0.302 (3)

CP 2.9822 (9) 29.6 (4) 0.142 (2)

Figure 5 shows the hydrogenation curves for all samples at room temperature and
hydrogen pressure of 2000 kPa. Unlike the as-received (gas-atomized) Ti0.488Fe0.460Mn0.052

sample, which did not absorb hydrogen, all mechanically processed samples successfully
absorbed hydrogen. It is worth mentioning that pure TiFe alloy could not absorb hy-
drogen at room temperature and hydrogen pressure of 2000 kPa, even after mechanical
processing, whereas the Ti0.488Fe0.460Mn0.052 alloy readily absorbed hydrogen following
mechanical processing.

 
Figure 5. Hydrogenation curves at room temperature under 2000 kPa hydrogen pressure for as-
received and mechanically processed powders.

The cold-pressed sample exhibited the highest hydrogen absorption capacity of
1.9 wt.%, and cold-rolled and ball-milled samples both reached 1.5 wt.% after 24 h. In
terms of kinetics, the BM10 sample demonstrated the fastest hydrogenation, with an incu-
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bation time of about 7 min, while both cold-rolled and cold-pressed samples had a longer
incubation time of approximately 15 min.

Remarkably, despite the atomized powder being exposed to air for more than
two years, each type of mechanical processing was able to activate the alloy and achieve
good hydrogenation kinetics. For comparison, Modi et al. investigated the hydrogenation
behavior of a TiFe0.85Mn0.15 alloy produced by arc melting [14]. After arc melting the
alloy was subjected to ball milling for 30 min. Ball-milled alloy exhibited good kinetics
and absorbed 1.2 wt.% hydrogen with no incubation time. However, after exposure to
air for just 2 h, the alloy became oxidized and lost its hydrogen absorption capability. By
heating to 300 ◦C under hydrogen pressure, reactivation was achieved, but with a pro-
longed incubation time of 40 min and a reduced capacity of 0.9 wt.%. In the present work,
all mechanical treatments activated the alloy with shorter incubation times and higher
hydrogen capacities compared to Modi et al., which can be attributed to microstructural
differences between gas-atomized and arc-melted alloys.

Dematteis et al. further studied TiFe-alloys with partial substitution of Fe by Ti and
Mn [16]. Samples with different compositions in the range from 48.8 at% to 54.1 at% Ti,
and from 0 to 5.3 at% Mn were prepared by induction melting and subsequent annealing at
1000 ◦C for one week. Their results showed that activation generally required 5 MPa of
hydrogen pressure and heating up to 400 ◦C. Only Ti-rich compositions could be activated
under milder conditions (room temperature and 2500 kPa H2). Although the alloy studied
here is not Ti-rich, it was activated at room temperature and moderate pressure, which
can be attributed to the finer microstructure of the gas-atomized material compared to
induction-melted alloys.

The improvement in hydrogenation behavior after mechanical processing can be
attributed to the refinement of the crystalline structure and the introduction of defects
during deformation. As observed in Figure 3, mechanical processing induced cracks in the
particles, likely facilitating hydrogen diffusion. The mechanical processing also introduces
structural defects, such as vacancies and dislocations, which further enhance hydrogen
transport within the material [42]. Rietveld refinement analysis revealed a decrease in
crystallite size after mechanical processing, which corresponded to an increase in grain
boundary density. These grain boundaries could serve as pathways that facilitate hydrogen
diffusion [24,32,43]. Consequently, the hydrogenation kinetics improve after mechanical
processing due to the combined effects of particle fragmentation, reduction in crystallite
size, and the formation of grain boundaries.

As previously mentioned, the ball-milled sample not only exhibited the shortest
incubation time but also demonstrated the fastest hydrogenation kinetics. As shown in
Table 2, the BM10 sample had the smallest crystallite size, which implies a higher grain
boundary density. Grain boundaries can facilitate hydrogen diffusion and act as nucleation
sites for hydride formation [44]. In the study of Emami et al., it was reported that ball
milling leads to the formation of nanograins, and the nanograin boundaries act as effective
pathways for hydrogen diffusion [32].

Beyond the kinetics, differences in hydrogen storage capacity among the samples
indicate the influence of mechanical processing on hydrogen storage behavior. As shown
in Figure 5, the cold-pressed sample exhibited the highest capacity of 1.9 wt.% ± 0.1 wt.%.
This value agrees with the nominal hydrogen capacity of TiFe alloy (1.86 wt.%).

According to the hydrogenation curves in Figure 5, after 1000 min, the cold-rolled
sample continues to absorb hydrogen at a very slow rate, while the ball-milled sample
has already reached its maximum capacity (1.5 wt.%). This indicates that the ball-milled
sample had a lower overall capacity compared to the cold-pressed one. The reduced
capacity of the ball-milled sample may be attributed to the crystallite size. As previously
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discussed, the BM10 sample had the smallest crystallite size, resulting in a higher density
of grain boundaries. Lv et al. found that as ball milling time increased and crystallite size
decreased, the hydrogen storage capacity decreased [43]. They proposed that although
grain boundaries facilitate hydrogen diffusion, they do not store hydrogen themselves.
This may explain the lower overall capacity of the ball-milled sample, despite its faster
kinetics and shorter incubation time.

Regarding the cold-rolled sample, the loss of capacity may be explained by the forma-
tion of oxides as the cold rolling was performed in the air. To verify this hypothesis, cold
rolling was performed under both air and argon atmospheres for 5, 10, and 20 passes to
compare the influence of rolling atmosphere on the hydrogenation behavior.

Figure 6 shows hydrogenation curves at room temperature and hydrogen pressure of
2000 kPa for cold-rolled samples in the air. After 5 CR in the air, absorption started after
15 min of incubation time. With 10 CR in air incubation time was increased to 35 min. After
20 CR in the air, the sample was not activated in 24 h. The difference in incubation time
could be related to the surface condition of the materials. Increasing cold rolling passes
in the air may lead to surface oxidation that can act as barriers to hydrogen absorption.
Sleiman et al. similarly reported that while the as-cast Ti1V0.9Cr1.1 alloy could not be
activated, a single cold rolling pass enabled immediate activation [45]. However, when the
number of passes increased to six, the incubation time rose to about 10 min, the activation
kinetics slowed, and the absorption capacity decreased.

Figure 6. Activation curves of 5, 10, and 20 passes cold-rolled powders in air at RT/2000 kPa.

Figure 7 shows the first hydrogenation of samples cold rolled in argon. Compared to
rolling in the air, the incubation time is shorter. After 5 and 10 rolling passes, the incubation
times were only 3 and 4 min, respectively. The hydrogen absorption capacity after 24 h
was about 1.5 wt.%, which is like the samples rolled in the air. The most notable difference
appeared after 20 passes; while the 20CR-air sample showed no activation within 24 h,
the 20CR-argon sample began absorbing hydrogen after 55 min and reached a capacity of
1.6 wt.% after 24 h. Even under argon atmosphere, increasing the number of cold rolling
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passes to 20 resulted in a longer incubation time (55 min), similar to what was observed
for cold-rolled samples in the air. This suggests that, regardless of oxidation, excessive
deformation may hinder the first hydrogenation. This could be attributed to the excessive
plastic deformation induced by multiple passes. As the number of passes increases, the
material accumulates a higher density of dislocations, defects, and internal stresses, which
can disrupt hydrogen diffusion.

Figure 7. Activation curves of 5, 10, and 20 passes cold-rolled powders in argon at RT/2000 kPa.

The crystal structure of cold rolled samples in the air and argon was investigated by
X-ray diffraction, and the patterns are shown in Figure 8. The corresponding Rietveld
refinement data are summarized in Table 3. We see that increasing the number of rolling
passes led to a reduction in crystallite size and increasing microstrain. The effect was
the same for the samples rolled in argon compared to the ones rolled in the air. In fact,
the crystal parameters were essentially the same for the air and argon cases. Therefore,
the difference in incubation time between air and argon rolling atmosphere could not
be attributed to a different crystal structure. It should be due to some surface effect that
could not be seen by X-ray diffraction due to the large penetration depth of the oxides.
The possible Ti, Fe and TiFe oxides have penetration depth between 2 and 10 microns.
Considering that the surface oxide should have a thickness of nm, it is understandable that
the presence of oxides could not be seen by X-ray diffraction. We are planning to perform
XPS to obtain a better understanding of the surface composition.
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Figure 8. XRD patterns of cold rolled samples in air and argon before hydrogenation.

Table 3. Rietveld’s refinement of TiFe phase in cold rolled samples in air and argon. The error on the
last significant digit is shown in parentheses.

Sample Lattice Parameter (Å)
Crystallite Size

(nm) Microstrain (%)

5CR-Air 2.9829 (6) 25.4 (2) 0.196 (2)

10CR-Air 2.9839 (5) 14.3 (5) 0.213 (7)

20CR-Air 2.9841 (3) 12.1 (3) 0.235 (1)

5CR-Argon 2.9829 (9) 25.1 (8) 0.194 (1)

10CR-Argon 2.9831(3) 14.4 (8) 0.228 (1)

20CR-Argon 2.9832 (2) 12.7 (6) 0.231 (1)

4. Conclusions
The effects of cold rolling, ball milling, and cold pressing on the microstructure and

hydrogen storage properties of Ti0.488Fe0.460Mn0.052 alloy were investigated. Cold pressing
resulted in the highest hydrogen absorption capacity among the three methods, while ball
milling significantly improved the first hydrogenation kinetics compared to cold rolling
and cold pressing. Increasing the number of cold rolling passes in the air reduced hydrogen
absorption kinetics, probably because of surface oxidation. Cold rolling under argon
atmosphere produced a fast first hydrogenation. However, a higher number of passes in
argon led to longer incubation times, suggesting that excessive deformation may hinder the
first hydrogenation. These results suggest that combining different mechanical treatments
could be explored in future studies to optimize both capacity and hydrogenation rate.
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