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Abstract

The wear tests of titanium matrix composites (TMCs) at the loads of 50, 100, 120, and 150 N were carried out with an
MMW-1 vertical universal friction and wear tester to study the addition of multilayer graphene (MLG)/nano-Fe,O; compos-
ites (0, 0.1, 0.2, 0.3, 0.4, and 0.5 g) on the dry sliding wear behavior of TMCs. TMCs presented a marked variation in wear
loss as a function of the amount of MLG/Fe,O; addition, and a significant decrease in the friction coefficient was obtained,
reducing this parameter up to 50%. With the rise and fall of wear loss, TMCs underwent a transition from severe wear to mild
wear. These phenomena were attributed to the existence of a protective lubricating film, which prevented the surface from
coming in direct contact, and the lubricating film was 15-20 pm thick and made up of MLG/Fe,0; (1:2) nanocomposites.

Its structure was speculated to be similar to a rolling wood.
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1 Introduction

Graphene, a two-dimensional material discovered in 2004,
has been investigated extensively in the recent decade and
demonstrates great potential for a wide range of applications
[1-4]. Multilayer graphene (MLG), a derivative of graphene,
possesses similar properties to graphene, such as super
charge carrier mobility, high fracture strength, high Young’s
modulus, and extreme thermal conductivity [5-7]. Therein,
its tribological properties had been investigated on numer-
ous research works [8—14]. Because of having a high Mohs
hardness of 5.5, Fe,O; is usually considered with a good
load bearing capacity, which has been reported elsewhere
[15-17]. Iwabuchi et al. [18] investigated the effect of Fe,05
particles on the severe—mild wear transition of a sliding steel
interface, and it was confirmed that this transition occurred
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when a compacted oxide layer was formed. The formation
of load bearing Fe,05;-containing tribolayers might be a pre-
requisite for the wear reduction.

Zhou et al. [19] investigated the additions of MLG/Fe,0;
(with mass proportions of 2:1, 1:1, and 1:2) nanocomposite
on TC11 alloy, in order to improve the tribological prop-
erties, and results showed that MLG/Fe,O; nanocomposite
(1:2) drastically improved the wear resistance of TC11 alloy.
Therefore, MLG/Fe,05 (1:2) nanocomposite was chosen as
additive on titanium matrix composites (TMCs) in this paper.
TMCs have been widely investigated due to their superior
properties, and with the development of TMCs, according to
the practical application of various requirements, the study
of the wear resistance for TMCs becomes more and more
important. However, the wear test, reported by Zhou et al.
[19], was conducted with a single load and did not explored
how MLG/Fe,0; nanocomposite (1:2) influenced the wear
mechanism deeply. Based on these facts, sliding wear tests
of TMCs against W6Mo5Cr4 V2 high-speed steel at various
loads, including 50, 100, 120, and 150 N, were performed,
with the addition of MLG/Fe,O; (1:2) nanocomposite on the
sliding interface. The worn surfaces and subsurfaces were
systematically characterized. Further, the effects of nanoma-
terial addition amount on the wear behavior were explored.
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2 Experimental details
2.1 Material preparation

MLG/Fe, 05 (1:2) nanocomposite was prepared by a liquid-
phase exfoliation method. The details were described as fol-
lows (Fig. 1): Firstly, a magnetic stirring apparatus was used
to disperse the expanded graphite and Fe,O; nanoparticles
for 1 h. Then, an ultrasonic cell disruptor was applied to
exfoliate the uniform mixture with the following details: 2 h
for operating time, 25 s for ultrasonic time, 5 s for interval
time, 30 min for stewing, 20 mm for shift lever diameter,
and 540 W for the power. Subsequently, the remaining tur-
bid liquid was centrifugally separated under a high velocity
of 8000 r/min for 10 min. After that, the precipitate was
washed with ethanol and dried at 343 K in a vacuum drying
oven for 24 h. Finally, MLG/Fe,O; nanocomposite (1:2) was
obtained.

For wear test, TMCs and W6Mo5Cr4V2Co5 high-speed
steel (American band: M35) were selected as pin and disk
materials, respectively. Their chemical compositions are
given in Table 1. Ti6Al4V bar (¢10 mm), the titanium
sponge (purity 99.6%), and B,C powder (purity 99%) were
chosen as raw materials for (TiC + TiB)/Ti6Al4V in situ
composites and melted in a magnetron tungsten arc furnace.
In order to ensure the uniformity of the composition of the
sample, the preparation for each sample was repeated three
times. (TiC + TiB) reinforcements with a theoretical volume
fraction of 5% were obtained. Then, TMCs were machined
into cylindrical pins with diameters of 5 mm and heights
of 15 mm. M35 steel was machined into counterpart disks
with diameters of 52 mm and thicknesses of 10 mm. After
quenching at 1473.15 K for 20 min, then oil cooling, and
tempering at 823.15 K for 2 h for three times, the hardness
of the disks was adjusted to 64-66 HRC.

Expanded CTMAB [
graphite+Fe,0, | Span 60 DMSO

Magnetic Ultrasonic
stirring smash

standing

Alcohol High speed Turbid
cleaning centrifugation liquid

Fig. 1 Preparation process of MLG/Fe,O; composites

I MLG/Fe,0, H Drying

Table 1 Chemical compositions of TMCs and M35 steel (wt.%)

2.2 Wear tests

Dry sliding wear tests of TMCs against M35 steel with
the addition of MLG/Fe,0O; (1:2) nanocomposites were
performed in air at room temperature using an MMW
tribometer with a pin-on-disk contact geometry. Foam
plastic and adhesive tape were adhered onto the center
and periphery of the disk, respectively, to prevent the
aggregation and spillover of additives as shown in Fig. 2.
The normal loads during the wear tests were 50, 100, 120,
and 150 N at a speed of 100 r/min (or 0.33 m/s). The
sliding test durations were 5000 cycles or 990 m, and the
amounts of adding nanocomposites were 0.1, 0.2, 0.3, 0.4,
and 0.5 g, respectively. For comparison, the dry sliding
wear test without any additive was also performed. Prior
to each sliding, the pins and disks were initially cleaned
by sonication in acetone and then in isopropanol alcohol to
remove any organic contaminants that may have been left
from the machining and polishing operations performed
during sample preparation. An electronic balance with an
accuracy of 107 g was used to measure the wear loss of
the pins before and after tests.

Load

Fig.2 Schematic diagram of dry sliding wear test setup

Material C Al Fe Mn Mo \% Ti Cr Co W
TMCs 3.19 0.06 0.354 0.105 2.85 Balance
M35 0.627 Balance 0.305 5.00 2.16 3.94 5.26 5.73
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2.3 Microscopic analysis

A JEM-2100F high-resolution transmission electron micro-
scope (TEM) and a D/Max-2500/pc type X-ray diffractome-
ter (XRD) with Cu Ka radiation were applied to characterize
MLG/Fe,05 nanocomposite samples. Phase constitutions of

the worn surfaces were measured on an X-ray diffractometer
and a DXR laser Raman spectrometer (Raman). A JSM-
7001F scanning electron microscope (SEM) and an Inca
Energy 350 energy dispersion spectrometer (EDS) were uti-
lized for the measurement of the microstructures and com-
positions of the worn surfaces and subsurfaces. The rough-
ness of the worn surfaces was measured using an OLS4000
Olympus laser confocal scanning microscope.

3 Results and analysis
3.1 Microstructure characterization

Figure 3 shows the microstructure of TMCs. It can be seen
that TMCs were composed of o-Ti phase, B-Ti phase, TiB
phase, and TiC phase. The matrix exhibited typical a+
dual-phase microstructure (whisker-like TiB and granular
TiC).

Figure 4 shows TEM images of MLG (with an SEM
inset), Fe,0; and MLG/Fe,0; nanocomposites. From
Fig. 4a, the prepared MLG was observed to be a nanometer-
thick lamellar structure, which was almost transparent. In

Fig.4 TEM images of MLG (a), Fe,O; (b) and MLG/Fe, 05 nanocomposite (c). Inset in a is SEM image of MLG
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Fig. 4b, Fe,0; was noticeably agglomerated, and its form
was difficult to distinguish. However, in MLG/Fe,O; nano-
composite, shown in Fig. 4c, the degree of agglomeration
of Fe,0O; nanoparticles was drastically decreased. Instead,
the spindle-shaped Fe,O; particles were randomly distrib-
uted on the surface of MLG. Clearly, Fe,0; was successfully
composited with MLG.

3.2 Wear loss

Figure 5 illustrates the wear loss of TMCs as a function of
MLG/Fe,0; addition amount under different loads, and it
is found that TMCs presented a marked variation in wear
loss as a function of MLG/Fe,0; addition. In general, dif-
ferent varying trends of wear loss were demonstrated with
an increase in MLG/Fe,0O addition under different loads.
At the load of 50 N, the wear loss varied in two stages, cor-
responding to MLG/Fe,0O; additions of 0.1 g and 0.2-0.5 g,
respectively. Less MLG/Fe,05; nanocomposites caused an
obvious increase in the wear loss, but with more MLG/Fe,05
nanocomposites addition, the wear loss reached an extremely
low value. At the load of 100 N, when MLG/Fe,O; addition
increased from 0.1 to 0.5 g, the wear loss decreased to a low-
est value at first, then approximately maintained around zero
with MLG/Fe,0; addition ranging from 0.2 to 0.4 g, and
then eventually increased at 0.5 g. As for 120 N, when MLG/
Fe,O5 addition increased from 0.1 to 0.3 g, the wear loss
slightly increased to reach a peak at 0.3 g and then substan-
tially decreased to a lowest point at 0.5 g. In order to further
explore the influence of MLG/Fe,05 addition, the test with
an MLG/Fe,0; addition of 0.6 g at 120 N was conducted,
and the wear loss rapidly increased beyond 0.5 g. At the load
of 150 N, comparing with that at the load of 120 N, almost
the same wear loss varying trend was showed with MLG/
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Fig.5 Wear loss of TMCs as a function of MLG/Fe,0; addition
under different loads
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Fe,0; addition ranging from 0.1 to 0.5 g. Similarly, com-
plementary experiments were conducted with MLG/Fe,0;
addition of 0.6-0.7 g at 150 N, and the wear loss remained
low at 0.6 g but rapidly increased at 0.7 g. Therefore, there
appeared to be a critical point of MLG/Fe,0O; addition on
the wear loss versus MLG/Fe,O; addition curves under dif-
ferent loads.

Friction coefficient (1) of TMCs against M35 steel as
a function of MLG/Fe,O5 addition under different loads
is presented in Fig. 6. It can be observed that the friction
coefficient varied with the load and MLG/Fe,0O; addition.
Obviously, the friction coefficient exhibited a similar vary-
ing trend as compared to the wear loss (Fig. 5). At 50 N,
the friction coefficient was firstly increased and reached a
friction coefficient value of 0.385. However, with a further
increase in MLG/Fe,O; addition from 0.2 to 0.5 g, the fric-
tion coefficient decreased to a certain platform with a range
of 0.126-0.187. At the load of 100 N, the friction coefficient
maintained at low stable values with MLG/Fe,O; addition
range of 0.2-0.4 g, and the coefficient increased with MLG/
Fe,O5 addition of either 0.1 or 0.5 g. As the load varied
between 120 and 150 N, the critical MLG/Fe,O; addition
value increased to 0.5 g and (0.5-0.6) g, respectively.

3.3 XRD analysis of worn surfaces

XRD patterns and Raman spectra are shown in Fig. 7. From
Fig. 7a, at the load of 50 N, with MLG/Fe,0; addition of
0.1 g, only Ti, TiC, and TiB were detected on the worn sur-
face. However, MLG was detected in XRD patterns with the

Fig.6 Friction coefficient of TMCs as a function of MLG/Fe,0;
addition under different loads
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Fig.7 XRD patterns (a, ¢) and Raman spectra (b, d) of worn surfaces of TMCs with MLG/Fe,05 (1:2) nanocomposites at loads of 50 and 100 N

(a, b) as well as 120 and 150 N (c, d)

addition of 0.2 g of MLG/Fe,0; (1:2) nanocomposites, but
no Fe,0; was observed in XRD pattern. Whether Fe,0; was
detected on the worn surface could be verified by the Raman
spectrums, as shown in Fig. 7b. It is obvious that the peaks
of Fe,0; emerged except for the ones of MLG, indicating
that there was Fe,O5; on worn surfaces, while minor amount
of Fe,0; could be hardly identified by XRD. At the load of
100 N, MLG appeared with 0.4 g MLG/Fe,O5 addition (but
not observed with 0.5 g addition), which could also be veri-
fied by the Raman spectrum, as shown in Fig. 7b. As shown
in Fig. 7c, d, both MLG and Fe,O; emerged on the worn sur-
faces with 0.5 g addition of MLG/Fe,0O; (1:2) nanocompos-
ites at the load of both 120 and 150 N. The absence of MLG
and Fe, 05 in XRD patterns resulted from either a tiny quan-
tity or nonexistence. Whether or not MLG and Fe,0; were
actually present was determined by Raman spectra, shown
in Fig. 7d. It is worth mentioning that three main character-
istic peaks, D mode (~ 1350 cm™!), G mode (~ 1580 cm™}),
and 2D mode (~2700 cm_l), were adopted to examine the
existence of MLG [20]. And D+ D’ (at~2940 cm™") was

activated by defects in the graphene layers. This finding
supports the fact that sliding interfaces produce defected
graphene. Therefore, it is clear that when both MLG and
Fe,0; emerged on the worn surfaces, the wear loss reached
an extremely low value. On the other hand, when MLG/
Fe,0; addition amount was higher than critical value, both
of MLG and Fe,0; disappeared.

3.4 Morphology of worn surfaces

The morphologies of worn surfaces with different amounts
of MLG/Fe, 05 (1:2) nanocomposites addition are shown in
Fig. 8. At the load of 50 N, with 0.1 g MLG/Fe, 0O addition,
the worn surface of TMCs presented typical characteristics
of adhesive and abrasive wear, including adhesive traces,
furrows, and severe delaminated regions. Additionally, a
small amount of wear debris was remained on the worn
surfaces. Conversely, the worn surface with 0.2 g addition
amount was found smoother, and furrows were narrower
and shallower than those of 0.1 g MLG/Fe,O; one. It is
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Fig.8 SEM morphologies of worn surfaces of TMCs under various conditions. a 50 N-0.1 g; b 50 N-0.2 g; ¢ 100 N-0.4 g; d 100 N-0.5 g; e

120 N-0.4 g; £ 120 N-0.5 g; g 150 N-0.4 g; h 150 N-0.5 g

clear that the addition of MLG/Fe,0O; (1:2) nanocompos-
ites improved the wear resistance effectively. As for 100 N,
a well-protected worn surface appeared with 0.4 g MLG/
Fe,0; addition, while severe plastic tearing was shown on
the worn surface with 0.5 g MLG/Fe,O; addition, whose
variation implied that TMCs might have undergone a severe
wear owing to the excessive MLG/Fe,0; addition amount.
A similar transition of the morphologies of TMCs worn sur-
faces was shown at the load of both 120 and 150 N. When
MLG/Fe,0 addition amount was 0.4 g (Fig. 8e, g), the
worn surfaces were far severer than those with 0.5 g addition
(Fig. 8f, h), whose worn surfaces were smoother and neater
than those with 0.4 g addition. A large amount of C, O, and
Fe elements were detected on the worn surfaces as shown
in EDS analysis (Fig. 8h), which indicates that MLG/Fe,0;
(1:2) nanocomposites remained on the worn surface, induc-
ing a good protection on the surface and further resulting in
the extremely low value of the wear loss.

3.5 Cross-sectional morphology of worn surfaces
and subsurfaces

The cross-sectional morphologies of worn surfaces and
subsurface with different amounts of MLG/Fe,05 (1:2)
nanocomposites addition are shown in Fig. 9. At the load
of 50 N, a sporadic, discontinuous tribolayer was formed on
the worn surfaces with 0.1 g MLG/Fe,O5 addition. Under-
neath the tribolayer, plastic deformation took place in the
subsurface regions, but it was not very intensive (Fig. 9a).
However, within 50 N-0.2 g sample, a ceramic-like tri-
bolayer appeared and there was no plastically deformed
layer underneath the worn surface, as shown in Fig. 9b, cor-
responding to the extremely low value of the wear loss in
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Fig. 5. As for the load of 100 N, the morphology of worn
surface and subsurface with 0.4 g MLG/Fe,0, addition, as
shown in Fig. 9c, was similar to that of 50 N-0.2 g sample.
When MLG/Fe,0O; addition increased to 0.5 g, the plastically
deformed tribolayer appeared on the worn surface and at the
subsurface, respectively (Fig. 9d). However, the tribolayer
was thicker and more irregular. As for the cases of both
120 and 150 N, with 0.4 g addition, the tribolayer was char-
acterized by cracks, discontinuity, and deformed regions,
as shown in Fig. 9e, g. However, as the amount of MLG/
Fe,0; addition reached the critical value (0.5 g), the plasti-
cally deformed region thoroughly vanished, as observed in
Fig. 9f, h.

4 Discussion

4.1 Formation and characteristics of lubricating
film

During the wear process, a lubricating film was formed on
both the pin and the disk, which accounted for the appear-
ing excellent tribological properties. The microstructures of
both the pin and the disk were investigated, and line profile
measurements and Raman tests were conducted to charac-
terize the lubricating film. The results show that the lubri-
cating film formed on the disk was found more complete
than that formed on the pin, as shown in Fig. 10. Along the
sliding track, a thin, dense, silvery white lubricating film
was formed (Fig. 10a). The destruction of the lubricating
film initiated from the edges and expanded to the central
region because the lubricating film suffered higher Hertz
pressure effects on the edges than the central region. Thus,



Effect of multilayer graphene/nano-Fe,0; composite additions on dry sliding wear behavior... 1123

Fig.9 Cross-sectional morphologies of TMCs worn surfaces under various conditions. a 50 N-0.1 g; b 50 N-0.2 g; ¢ 100 N-04 g; d

100 N-0.5 g; e 120 N-0.4 g; £ 120 N-0.5 g; g 150 N-0.4 g: h 150 N-0.5 g

the lubricating film on the edges was readily destroyed
and gradually resulted in the sandwich-like morphology
(Fig. 10b, c). As the sliding distance surpassed a critical
point, the lubricating film was completely consumed.

A further investigation was taken to characterize the
lubricating film, as shown in Fig. 11. Figure 11a shows a
3D profilometer image of the lubricating film with MLG/
Fe,0; addition of 0.3 g at the load of 50 N, indicating that
the height of the lubricating film is 15-20 pm. Whether the
lubricating film was made up of MLG/Fe,O; (1:2) nanocom-
posites could be verified by the Raman spectrums, as shown
in Fig. 11b, and it is obvious that Fe,0; peaks were detected
while those of MLG were not, indicating that the lubricating
film was composed of MLG/Fe,0O; (1:2) nanocomposites. It
is also worth noting that D+ D’ (at ~2940 cm™") appeared
on both curves, supporting the fact that defected graphene
was produced on the sliding interfaces after a certain degree
of sliding distance.

Generally, the formation of the lubricating film was
affected by numerous factors, such as the environment tem-
perature, normal load, sliding speed, additives, and mechani-
cal, thermal and chemical properties of the materials. In our
present work, the normal load and the amount of additives
were the two important factors, which influenced the for-
mation of the lubricating film directly. At the lower load
(50 N), as the amount of MLG/Fe,O addition surpassed
0.1 g, the lubricating film started to form, and film formation
remained until MLG/Fe,O; addition reached 0.5 g. However,
at the higher load (100, 120 and 150 N), there appeared to
be a critical range of amount of MLG/Fe,0O; addition, and
while the amount of addition fell below or above the critical
value, the lubricating film could not form. It is presumed that
the formation of the lubricating film involved physical or

chemical reactions, and only while a critical condition was
satisfied, the lubricating film could exist. Below the critical
value of MLG/Fe,O; amount, there were not enough MLG/
Fe,05 (1:2) nanocomposites to form the lubricating film.
Above the critical value of the additive amount, the film
formation was likely to be limited by free energy, which was
dependent on an increase in temperature [17]. During slid-
ing at room temperature, the ambient temperature is mainly
dependent on the frictional heat (g).

q = uPv (D

where P is the applied load and v is the sliding velocity [21].
In the present work, since the sliding velocity was fixed, the
friction coefficient was almost identical under a certain load,
which resulted in the similar temperature and free energy.
Therefore, when the additive amount was above the critical
value, a favorable free energy was absent, discouraging the
formation of a lubricating film.

4.2 Wear mechanism

Schematic illustration of the wear mechanism is given in
Fig. 12. In the present work, the mechanism was mainly
related to the lubricating film. As shown in Fig. 12a,
during the wear sliding process, a lubricating film was
formed due to the addition of MLG/Fe,O; (1:2) nano-
composites, rendering the excellent anti-friction and
wear-resistant properties of the surfaces of both the pin
and the disk. Moreover, there was absolutely no plastic
deformation at this time (Fig. 12b), and the film showed
an excellent protection owing to MLG/Fe,05 (1:2) nano-
composites, which resulted in the extremely low value of
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Fig. 10 Macroscopic image of lubricating film (a), pin (b) and disk (c)
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Fig. 11 Characteristics of lubricating film. a Raman spectra of lubricating film with different amounts of MLG/Fe,O; addition at a load of
100 N; b 3D profilometer image
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Fig. 12 Schematic illustration of wear mechanism. a Sliding process with lubricating film; b cross section with formed lubricating film; ¢ sliding

process without lubricating film; d cross section without lubricating film

wear loss. The functions of the lubricating film could be
summarized as follows: On the one hand, the lubricat-
ing film can prevent direct contact of the surfaces of the
tribopair materials. On the other hand, it can reduce the
shear strength of the contacting thin layer. As a result, the
friction coefficient was significantly reduced. When the
amount of MLG/Fe,05 addition fell below or above the
critical value, the lubricating film was not formed on the
surface (Fig. 12c¢), and the frictional properties of TMCs
were worse than those with a lubricating film. Moreover,
the area underneath TMCs surface underwent a severe
plastic deformation (Fig. 12d), indicating that there was
no protection provided by MLG/Fe,0O5 (1:2) nanocompos-
ites. The characteristic and formation of the lubricating
film on the surfaces of tribopair material are believed to
be the predominant parts of the wear mechanism.

4.3 Structure of lubricating film

The structure of the lubricating film is schematically shown
in Fig. 13. As we know, graphene is a two-dimensional

material, presenting unique friction and wear properties (not
typically seen in conventional materials), which is totally
due to its lamellar structure (as shown in Fig. 13). Multilayer
graphene possesses similar properties to graphene, and in
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Fig. 13 Schematic illustration of structure of lubricating film

@ Springer



1126

H. Xie et al.

order to illustrate the structure of the lubricating film clearly,
the structure of MLG was needed to introduce in Fig. 13 as
well. During sliding, MLG would be adsorbed onto the worn
surface and the surface of wear debris, and its theoretical
function is dependent on the movement of graphene lay-
ers. During this process, MLG possessed a low shear force,
resulting in a lubricating function and a low frictional coef-
ficient. In our present work, spindle-shaped Fe,O; particles
are vaguely shown in Fig. 3b. Thereby, a red bar is drawn in
Fig. 13 to represent the structure of Fe,O5 particles.

Since the spindle-shaped Fe,O; particles were randomly
distributed on the surface of MLG (Fig. 4c¢), it could be
speculated that the structure of MLG/Fe,O; (1:2) nano-
composites unit was similar to a rolling wood structure,
which is closely related to the structure of the lubricating
film. When MLG/Fe,O; nanocomposites were supplied
onto the sliding interface, both the adsorption of MLG and
the sintering of Fe,O; are related to the formation of the
lubricating film. According to the order from small to large
size, MLG in the composites preferred to be adsorbed to
the surface. Subsequently, the nomadic Fe,O; particles and
those distributed on the surface of small-sized composites
were also sintered on MLG layer due to the high surface
energy. Under the combined effect of pressure (caused by the
normal force), temperature (cause by friction heat), and an
appropriate amount of MLG/Fe,O; addition, the formation
of the lubricating film was initiated. The lubricating film
was compacted every sliding cycle, and finally, a protective
lubricating film was formed, whose structure was similar to
a rolling wood as shown in Fig. 13.

5 Conclusions

1. The tribological properties of TMCs can be improved
with the addition of MLG/nano-Fe,O; composites, and
a significant decrease in the friction coefficient was
obtained, reducing this parameter up to 50%.

2. There was a range of critical value of MLG/Fe, 05 addi-
tion, which made TMCs undergo a transition of severe
wear to mild wear.

3. The well-protected effect induced by MLG/nano-Fe,0,
composites was attributed to the formation of a protec-
tive lubricating film, which prevented the surface from
coming in direct contact, resulting in improved tribo-
logical performance.

@ Springer

4. The lubricating film was 15-20 pm thick and made up
of MLG/Fe,05 (1:2) nanocomposites. Its structure was
speculated to be similar to a rolling wood.
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