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Compact seaweed growth of peritectic phase on conﬁned, ﬂat properitectic
dendrites
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Peritectic alloys form a variety of diﬀerent solidiﬁcation morphologies at low growth rates. An alloy with a
concentration that corresponds to the hyper-peritectic limit should show a cellular/dendritic solidiﬁcation of the
peritectic phase for growth velocities above the corresponding constitutional undercooling limit. However, due
to nucleation retardation of the peritectic phase we observed growth of properitectic dendrites before cellular
growth of the peritectic could established. The transition happened via an overgrowth of dendrites with a thin
layer of peritectic phase. The observations were made using a transparent, metal-like solidifying peritectic
system that was solidiﬁed directionally in thin samples. In the gap between the ﬂat dendrites and the tubing
walls, the peritectic phase grew with a compact seaweed morphology, whereas in the interdendritic spacing it
formed small-curved bumps. At same distance behind the tip region, more and more polycrystalline-like objects
appeared at the elongated traces of the compact seaweed morphology.
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1. Introduction
In peritectic systems, the properitectic α-phase reacts upon cooling
with the liquid to yield the peritectic β-phase at the peritectic
temperature Tp . At this distinct temperature, a liquid of concentration
cp, l is in equilibrium with an α-phase of concentration cp, α and a βphase of concentration cp, β . Alloys with compositions between cp, α and
cp, β are called hypo-peritectic, those with compositions between cp, β and
cp, l are called hyper-peritectic [1]. Above the critical growth rate for
constitutional undercooling of the two solid phases, both hypo- and
hyper-peritectic alloys are supposed to solidify with α-cells/dendrites
which are then covered with a solid layer of β-phase when the
temperature along the α-cells/dendrites drops below Tp . For an alloy
with a concentration of cp, l , the so-called hyper-peritectic limit,
cellular/dendritic solidiﬁcation of β is expected for growth velocities
above the constitutional undercooling limit.
Close or below the limit of constitutional undercooling of both solid
phases, directional solidiﬁed peritectic alloys show a variety of complex
microstructures. Corresponding investigations were made for Zn–Ag
[2], Sn– Cd [3–6], Cu-Sn [7], Pb–Bi [8–12], Zn–Cu [13–15], Sn–Sb
[16,17], Ti–Al [18,19], Fe–Ni [20–30], Ni– Al [31], YBCO [32], Nd–
Fe–B [33] and the organic model system TRIS–NPG [34–41]. The
microstructures found are isothermal peritectic coupled growth (PCG),
cellular peritectic coupled growth, discrete bands, island bands, and
oscillatory tree-like structures. It is especially the observation of this
two-phase growth, either coupled or banded, which has drawn the

recent attention of researchers to this ﬁeld [13,18,25,26,28,29,31,41].
The present authors have used in-situ observations of the organic
non-faceted/non-faceted (nf/nf) peritectic system TRIS (Tris-(hydroxylmenthyl)aminomethane)-NPG (Neopentylglycol) to enlighten the
dynamic of peritectic two-phase growth [37,38,41]. They found two
diﬀerent mechanisms for the formation of isothermal PCG, ﬁrst via
island banding, and second by reducing the growth velocity from above
the critical value for morphological stability of both solid phases to a
value below [37,38]. In [41] detailed observations on the formation of
cycles of bands and (unsteady) PCG were given. For a near-peritectic
composition and for pulling rates above the morphology stability limit
of both solid phases an oscillatory solidiﬁcation dynamic of dendritic/
cellular kind occurred [34]. For pulling rates below these limits (i) a
change of planar growth from one to the other solid phase, (ii)
isothermal PCG, and (iii) lateral bands, which ﬁnally also turn into
isothermal PCG, were observed.
In such in-situ observations the optical indistinguishability of the
properitectic α- and the peritectic β-phase made the exact interpretation of the optical investigations diﬃcult. The only alternative to
distinguish the phases is on the basis of their diﬀerent growth
dynamics. As shown in this paper, the drastic change in the growth
morphologies from dendrites to cells for the transition from properitectic to peritectic phase growth can be taken as unmistakable hint to
identify the two diﬀerent phases. In addition, it was found that the
reported transition revealed some spectacular observation of seaweedtype growth.
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V = 0.13 µm/s to V = 0.32 µm/s. The temperature gradient was estimated to be G = 6.65 K/mm.
In this paper, the development of the solid/liquid interface morphology for a TRIS-NPG alloy with a nominal concentration of
c0 = 0.54 mol% is reported. Note that this concentration corresponds
to the hyper-peritectic limit (see Table 1).

Table 1
Phase diagram information of TRIS-NPG taken from [43].
Quantity

Symbol

Value

peritectic temperature
α -solidus concentration at TP

Tp
cp, α
cp, β
cp, l
mp, α
mp, β

410.7 ± 2 K
0.47 ± 0.01 mol%
0.515 ± 0.01 mol%
0.54 ± 0.01 mol%
−47.9 ± 0.1 K/mol%
−31.0 ± 0.1 K/mol%
0.87 ± 0.01

β -solidus (peritectic) concentration at TP
liquidus concentration at TP
α -liquidus slope at TP
β -liquidus slope at TP
redistribution coeﬃcient for α -phase at TP
redistribution coeﬃcient for β -phase at TP
liquid/solid temp. interval for α -phase at cp, l
liquid/solid temp. interval for β -phase at cp, l

kp, α

kp, β
ΔTp, α
ΔTp, β

3. Results and discussion
The characteristic of the experiment described above is that for the
samples with hyper-peritectic concentration, the interface morphology
revealed a dendritic pattern for several hours and then, within minutes,
changed into a cellular one, which then lasted for the remaining hours
of the experiment. Fig. 1(a) gives an example of the dendritic and
Fig. 1(b) of the cellular morphology. Fig. 2 shows that the transition
happened due to an overgrowth of the dendrites with a second phase,
which then continued to grow as cells. The observations described here
were made several times with diﬀerent samples having a concentration
of cp, l .
The dendrites shown in Fig. 1(a) belong to two diﬀerent grains. Left
from the grain boundary the dendrites are inclined anticlockwise with
respect the pulling direction by 32.8 ± 0.9° and right from the boundary
clockwise by 5.8 ± 0.2°. The primary dendrite arm spacing for the left
grain was estimated to be λ1 = 278 ± 15 µm and λ1 = 264 ± 59 µm for
the right one. For the dendrite tip radius we have measured up
R = 13.8 ± 1.7 µm and R = 17.4 ± 1.8 µm correspondingly, which is
much smaller than the 100 µm sample spacing. Therefore, a rotationally symmetrical tip shape for the tips shown in Fig. 1 might be a good
approximation. Note further that the envelope of the dendrite tips is
curved and the leftmost dendrite tip is slightly lagging behind. As
discussed in [40] there are evidences that under the present conditions
the isotherms are strictly horizontal but that due to a weak natural
convection we get a small NPG enrichment at the edges, in the present
case only on the left hand side. This slight NPG enrichment at the left
edge of the sample deﬁned also the position where the second phase
ﬁnally nucleated. With D=1.3 ± 0.3 10−11 m2/s for the diﬀusion
coeﬃcient of NPG in the TRIS-NPG melt [43], we got Pcdendr. = RV /2D
=0.21 for the solutal Péclet-number of the dendrites that grew on the
right hand side of the grain boundary, for which we assume that they
grew into the initial c0 -melt.
For the cellular array shown in Fig. 1(b) we have estimated only one
average primary arm spacing of λ1 = 169 ± 38 µm. For the cell tip radius
we got R = 28.0 ± 4.2 µm from which a solutal Péclet-number of
Pccells =0.35 was calculated. Note that the envelope of the cell tips is
also curved with lower tips on the left hand side. However, the curving
is smaller compared to the dendritic case shown in Fig. 1(a).
Not of signiﬁcance for the present paper but still nice to observe is
the fact that in Fig. 1(a) the coagulation of the inclined dendrites deep
in the interdendritic mush formed regularly left-behind liquid pockets
(like string of pearls).
As both high temperature solid phases of the peritectic TRIS-NPG
system are equally transparent, they can only be identiﬁed by their
diﬀerent growth behavior. Note that thermodynamically for
c0 = 0.54 mol%, both solid phases, the properitectic α- and peritectic
β-phase, are allowed to form (see Table 1). However, the chosen
experimental conditions have obviously favored the growth of one solid
phase before the second one appeared and ﬁnally took over the growth.
In order to identify the two diﬀerent solid phases let us ﬁrst
compare the critical growth rate for constitutional undercooling, VC . We
got VC , α =0.02 µm/s for the α-phase and VC , β =0.167 µm/s for the βphase. So, the pulling speed of V =0.32 µm/s is around 16 larger for the
α-phase and around 2 times for the β-phase. Keeping this in mind, we
expect well developed dendrites to form for the α-phase and more
cellular growth for the β-phase. This is the ﬁrst hint that properitectic
α-dendrites have been overgrown by the peritectic β-phase and not vice
versa.

0.96 ± 0.01
3.35 ± 0.3 K
1.05 ± 0.1 K

2. Experimental procedure
The two organic compounds TRIS and NPG form a peritectic phase
diagram [42], where both the properitectic α and the peritectic β
phases solidify with a non-faceted solid/liquid interface [36,43,44].
Therefore, in-situ observations of solidiﬁcation phenomena using
TRIS-NPG alloys can be used to understand solidiﬁcation of peritectic
metallic alloys. Phase diagram information for the TRIS-NPG system
are gathered in Table 1. The two organic compounds were delivered as
powder with an indicated high purity of 99.9+% for TRIS and 99% for
NPG. An additional treatment process for NPG was used to reduce the
water content and thus increase the purity. Alloys were prepared by
mixing the powders of both organic substances and fusing them
together. The tubings were ﬁlled by capillary force and ﬁnally sealed
with glue [34–36,43]. All ﬁlling operations were done in an Argonﬁlled glove box. Details on the alloying and ﬁlling can be found in [43].
Directional solidiﬁcation experiments with hyper-peritectic TRISNPG alloys were performed using a vertical micro Bridgman-furnace.
Samples in thin rectangle glass tubings (0.1×2 mm2 inner cross section
with 100 µm wall thickness) were pulled with a constant withdrawal
speed, V , in a constant temperature gradient, G . The micro Bridgmanfurnace was made of two brass blocks separated by a 7 mm gap and
thermally isolated by ceramic covers. The temperatures of the brass
parts were controlled by electrical resistant heaters. In each brass block
a 0.4×2.5 mm2 deepening was milled to guide the rectangle glass
samples. The sample was illuminated through glass windows, which
were placed in the ceramic covers at the adiabatic zone. Observation of
the dynamic of the solid/liquid interface morphologies was done with a
ZEISS microscope and recorded with a digital camera [43].
To start a solidiﬁcation experiment the furnace was shortly opened
and a sample was put into the desired position. As a sample is longer
than the heated zone, only a sample segment of around 50 mm in
length was molten. The pressure increase which might be caused by the
expansion on heating and melting, was released by the fact that a solid
material column at room temperature did not ﬁll the tube completely.
The low temperature faceted phases, which are stable at room
temperature, reveal 10–20% higher densities compared with the high
temperature plastic phases and so while cooling of the just ﬁlled
sampled the contraction of the faceted phases opened up visible gaps
and cracks. So the heated and ﬁnally molten segment can easily push
the solid segments above and below aside and a pressure-free molten
segment can form. Note that the results presented in this paper were
gained by using newly ﬁlled samples, where the concentration can be
assumed to be uniform along the sample length.
After the positioning, the sample was held in rest for 60 min to
establish a thermal equilibrated state. During this time the solid/liquid
interface in the adiabatic zone became microscopically and macroscopically planar. Afterwards, the sample was pulled with a constant
pulling rate, V , through a temperature gradient, G , for up to 16 h. In a
series of experimental runs, we have varied the alloy concentration
from c0 = 0.47 mol% to c0 = 0.54 mol% and the pulling rate from
100
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Fig. 1. (a) Dendritic growth of the TRIS-rich properitectic α phase and (b) cellular growth of the NPG-rich peritectic β phase for a TRIS-0.54 mol% NPG alloy. The width of the pictures
is around 1700 µm.

The second hint can be gained by evaluating the primary arm
spacing, λ1. If we follow the simple geometrical arguments for an
approximate expression for the primary arm spacing from [45] and
use1 λ12 ≈ 4ΔT0 R / G , we get λ1dendr. = 187 µm and λ1cells = 133 µm for the
case assuming that the α-phase has grown dendritically and β-phase as
cells. The opposite assumption would lead to λ1dendr. < λ1cells, which is in
contradiction to the observations. Although the estimated primary arm
spacings are signiﬁcantly smaller than the observed ones, the relative
size diﬀerence reveals that Fig. 1(a) shows the growth of α-dendrites
and Fig. 1(b) the growth of β-cells. Note that in [46] it is shown that
when the sample thickness is smaller than λ1 (which is deﬁnitely the
case in our experiment), the observed λ1 is signiﬁcantly larger than it
would be in 3D. This explains why in our case the measured spacings
are larger than those predicted by theory.
In fact, both of the above arguments to identify the phases are
related to the diﬀerent phase diagram features of the two phases. For
peritectic systems the properitectic α-phase always reveal a larger ΔT0
and a smaller k compared to the peritectic β-phase. That is why VC is
always smaller and λ1 is larger for the α-phase compared to the β-phase.
Let us now take a closer look on how the peritectic β-phase
overgrows the properitectic α-dendrite. Fig. 2 shows three successive
pictures. Fig. 3 shows a magniﬁed view of Fig. 2(b). From these
pictures the following observations can be made:
● The β-phase grew from bottom left upwards in close contact to the
α-dendrite with a growth rate of around 300 µm/s (10 times faster
than the pulling speed). It can even be said that the β-phase covered,
or encapsulated the α-dendrites.
● β covered the ﬂat α-dendrite between the ﬂat side of the dendrite
and the tubing wall, but also in the interdendritic region at the
secondary side arms.
● The propagating interface of the β-phase between the ﬂat α-dendrite
and the tubing wall reveals same similarity to the cauliﬂower
structure reported in [47].
● At the upper side of inclined α-dendrites, β forms occasionally
Fig. 2. Overgrowth of the properitectic α-phase dendrites with the peritectic β-phase.
The β-phase growth can be seen by the weak contrasted interface which propagates from
the left bottom area in (a) upwards in (b) and (c). The interval between the pictures is
Δt=30 s. The width of the pictures is around 1150 µm.

1
Diﬀerent to [45] we have considered 2D pattern rather than an hexagonal
arrangement of dendrites. Thus, we got a factor of 4 rather than 3.
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Fig. 3. : Magniﬁed view taken from Fig. 2(b) showing the peritectic β-phase approaching a properitectic α-phase dendrite tip region (a) and β-phase bumps which immediately form at
interfaces in interdendritic regions. After having been formed within Δt=30 s these bumps changed their morphology only sluggish. The width of the pictures is around 150 µm.

Assuming similar Gibbs-Thomson coeﬃcients for both phases,
namely the one from NPG (Γ =7.6 10−8 mK published in [48]), we get
for the curvature undercoolings ΔTrα = 0.008 K and ΔTrβ = 0.005 K
and for the solutal undercoolings ΔTcα = 1.13 K and ΔTcβ = 0.17 K.
With G = 6.65K/mm it becomes clear that after having overgrown the
α-dendrites, the β-cells may further grow by another 144 µm to reach
their steady cell tip position.
The α-dendrites with the experimentally determined primary arm
spacing of more than 260 µm growing in a 100 µm gap between to glass
plates are indeed closer to two dimensional objects than to a 3D
dendrite. From Fig. 1(a) it is obvious that the dendrites revealed only
two sidearm directions rather than four. However, the overgrowth of
these ﬂat α-dendrites by the β-phase happened simultaneously between (i) the ﬂat α-dendrites and the tubing wall and (ii) in the
interdendritic spacings between the dendrites. From that fact it can be
concluded that the growth mechanism of the β-phase is equal whether

smaller bumps. These bumps may lead to bridging when the
interdendritic distance is small (see Fig. 3(b)).
● After the β-phase has covered the α-dendrites, more and more
polycrystalline-like objects appear at the elongated traces of the
dense β-phase seaweed morphology (see Fig. 4).
For direction solidiﬁcation the tip undercooling of dendrites or cells
can be approximated [45] by

ΔT = ΔTc + ΔTr = mc0 [1 − A (Pc )] +

2Γ
R

with A (Pc ) = [1 − (1 − k ) Ω (Pc )]−1

(1a)
(1b)

where

⎧ Iv(Pc ) for parabolic dendrite tips
Ω (Pc ) = ⎨
for hemispherical cell tips
⎩ Pc

(2)

Fig. 4. : After rapid overgrowth of the α-phase dendrites with a compact β-phase seaweed structure, more and more polycrystalline-like objects appear at the elongated traces of the
dense β-phase seaweed morphology.
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formation of the bumps reveal the fact that the amount of β that has
formed is not in equilibrium with the supersaturated interdendritic
liquid. Obviously, the rapid growth of the thin β-layer as compact
seaweed is governed only partly by the supersaturated interdendritic
liquid. To a larger extent it is governed by the contact between the two
solid phases via the moving three phase junction line (α/β/liquid) and
the large tip curvature perpendicular to the α-dendrite. Thus, the
surface of the thin β-layer is not equilibrated with the interdendritic
liquid and so it gets morphologically unstable and those cellular bumps
form (at least in growth direction). However, the hereby rejected solute
rapidly increases the interdendritic solute content and so β equilibrates
with the interdendritic liquid and the growth of the bumps stops.
Further growth is orders of magnitude slower and caused by the overall
sample pulling.
The last point to be discussed is the observation that after the βphase has covered the α-dendrites, more and more polycrystalline-like
objects appear at the elongated traces of the dense β-phase seaweed
morphology (see Fig. 4). Unfortunately, no “post mortem” metallographic examination of crystal orientation by e.g. EBSD is possible with
such an organic compound. Thus, the crystal orientation of the newly
formed polycrystalline-like objects remains unknown. However, the
whole process resembles the recrystallization process after generation
of a massive amount of lattice defects by e.g. rolling [61–63]. It is
conceivable that during the rapid growth of the β-compact seaweed,
lots of crystal defects are incorporated, and as the diﬀusion distances
are small, nucleation and growth of diﬀerently orientated new grains
may help to relax the microstructure. However, this statement must be
seen as purely hypothetical.

it grew between α-dendrites and the wall or along α-dendrites in the
interdendritic region.
Note that it might be argued that the β-growth between α-dendrites
and tubing wall may by a pure solid-state transformation as no liquid
might be present between the dendrites and the wall. This statement
turns out to be wrong as without any liquid the mechanism for growth
between α-dendrites and wall would be diﬀerent compared to the
growth between individual dendrites and this is not the case. Thus, we
believe that between the α-dendrites and tubing walls there was still
some remaining liquid.
Remarkable is the fact that the growth of β between the α-dendrites
and the tubing walls reveals a very speciﬁc morphology. This morphology resembles the sidebranches of the “surface” dendrites presented in
[47]. This author observed that while rapidly cooling a segment of a
ﬁne capillary ﬁlled with diﬀerent dilute Succinonitrile-Argon alloys,
solidiﬁcation happens via thin solid layers propagating through the
observation window. These surface dendrites revealed a dendritic
growth pattern with close-spaced sidebranches of diﬀerent morphologies. It was found that those surface dendrites revealed a doublet tip
and three diﬀerent classes of side branches: (A) cellular sidebranches,
(B) dendritic sidebranches, and (C) an unsteady pattern, which were
termed cauliﬂower structure - a speciﬁc type of what is nowadays called
seaweed growth morphology. Note the similarity of the structure shown
as Fig. 5(b) in [47] with that of the present Fig. 3(a). Note also that the
morphology observed resembles also the thin (17 ± 2 nm) pure isotactic polystyrene ﬁlms growing at larger melt undercoolings [49].
Seaweed growth was reported in solidiﬁcation experiments on
organic transparent alloys in thin samples [50–55], in which the
preferred crystal growth direction had an angle to the thermal gradient.
In [54] three diﬀerent seaweed morphologies were distinguished:
degenerate, stabilized, and strongly tilted seaweed. None of them are
exactly like the morphology with which the β-phase covered the ﬂat
side of the α-dendrites. Degenerate seaweeds reveal tips that split
alternately at regular intervals. This morphology occurs when a thin
cubic crystal of transparent alloy grows close to the {111} plane [52–
54]. Stabilized seaweeds do not show alternate tip splitting. This
morphology was found to occur when a thin crystal of Succinonitrile
alloy grows in the direction of non-negligible interface-energy anisotropy at a relatively large pulling velocity [54]. In these thin samples
strongly tilted seaweed occurred when the growth direction is titled by
more than 45° to the pulling direction again at even larger pulling
velocity. As stated in [56], seaweeds are believed to be allied by nature
to the low anisotropy of the solid/liquid interface energy because
growth is then not constrained to some speciﬁc orientation.
In the case of a thin solid layer solidifying with closed contact along
a substrate (glass or a second solid phase), growth may be aﬀected by
the substrate/solid/liquid three junction line which might reduce the
eﬀect of the anisotropy of solid/liquid surface tension leading to a less
anisotropic “eﬀective” surface tension.
Fast growth of compact seaweed structures were numerically
predicted in 1992 by Shochet et al. [57]. More recently, several authors
have simulated the occurrence of seaweed growth morphologies using
the phase ﬁeld method [56,58–60]. The morphology which comes the
closest to the one we are reporting is the one which is called compact
seaweed by Amoorezaei et al. [58]. They have studied alloys when
anisotropies in the processing environment compete with the inherently anisotropic properties of the growing material, and found in their
2D simulations the occurrence of compact seaweed for higher interface
velocity and lower temperature gradients.
Next, we would like to discuss the appearance of the bumps of βphase in the interdendritic region (Fig. 3(b)). From the observation it
became obvious, that β covers the α-dendrites from all sides, namely
between the ﬂat side and the tubing wall as well as in the interdendritic
region. As mentioned above the growth rate of the newly formed βlayer is 10 times faster than the pulling rate. From the observations no
clear statement can be made about its thickness. However, the

4. Conclusion
During a 16 h directional solidiﬁcation experiment with a TRISNPG alloy with a concentration which corresponds to the hyperperitectic limit, we have observed a transition from α-dendritic to βcellular growth. This transition happened with the same speed (i)
between the α-dendrites and the tubing wall and (ii) between individual α-dendrites. In the liquid between the α-dendrites and the tubing
wall, the thin solid β-phase grew with a compact seaweed morphology.
This ﬁnding may reveal the generic nature of this compact seaweed
structure as morphology a thin solid layer may take when growing on a
substrate. In the interdendritic regions between the α-dendrites, the βphase produced rapidly cellular-like bumps in growth direction until
the β-phase and the interdendritic solute content is in equilibrium.
Some distance behind the overgrowth scenario, more and more
polycrystalline-like objects form at the elongated traces of the dense
β-phase seaweed morphology, which might be a recrystallization
process happening to relax the rapidly formed thin β-phase microstructure.
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