
Scripta Materialia 239 (2024) 115802

Available online 4 October 2023
1359-6462/© 2023 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Observations of the occurrence and disappearance of peritectic couple 
growth performed under microgravity conditions 

Andreas Ludwig *, Johann Mogeritsch 
Metallurgy Department, Montanuniversitaet Leoben, Franz-Josef Street 18, Leoben 8700, Austria   

A R T I C L E  I N F O   

Keywords: 
Peritectics 
Couple growth 
Transparent model alloy 
Microgravity 
Directional solidification 

A B S T R A C T   

Peritectic couple growth (PCG) is an unusual growth form at which the peritectic and pro-peritectic solid phases 
solidify like a regular eutectic. To investigate the dynamics of PCG formation and growth, experiments with the 
transparent, organic peritectic alloy Tris(hydroxymethyl)aminomethane–Neopentylglycol are performed at the 
International Space Station. Fully planar and partly planar/cellular PCGs are found and analyzed. In any case, 
PCG starts with the formation of lateral bands from the peritectic phase that overgrow most of the pro-peritectic 
phase but not completely. During coupled growth, the remaining patches transform into rods and/or lamellae. 
Depending on the conditions, PCG either terminates by the disappearance of pro-peritectic rods or by trans-
forming the rods into cells. The second mechanism goes hand in hand with the formation of a single-phase 2D 
layer at the top of a tilted interface. At low pulling velocities, planar pro-peritectic phase growth transforms into 
planar peritectic phase growth via PCG.   

Many industrially relevant alloys, such as steels and other Fe-based 
alloys, Cu- and Ti-alloys, some magnetic materials and superconductor 
alloys [1] are peritectic alloys. If such alloys solidify with a low growth 
velocity such that a dendritic morphology is avoided, peritectic coupled 
growth (PCG) might occur, a growth form that resemble eutectic couple 
growth (ECG) [2,3]. Alloys with hypo-peritectic compositions can reach 
steady-state planar growth of the primary α-phase only with growth 
temperatures below the peritectic temperature. Therefore, a nucleation 
probability for the peritectic β-phase exists and thus, no stable condi-
tions for planar growth of both solids might be found. For such alloys, an 
alternative growth of lateral bands of α and β was observed [4] and 
theoretically analyzed [5]. Herein, it was already mentioned that if the 
lateral growth rate is smaller than the growth rate of the parent phases, 
both phases may grow in a coupled manner and indeed PCG was also 
found experimentally [2,3,6–8]. It turned out that the occurrence of PCG 
depends on nucleation [9], diffusion length and container size [2,3,17,8, 
10–16] and convection ahead of the front [10,18–20]. 

In particular, the influence of convection on PCG created the need for 
experimental studies under purely diffusive conditions, in fact, experi-
ments in microgravity (µg). As PCG occurs at slow growth velocities, 
corresponding long-lasting µg experiments could only be performed at 
the International Space Station (ISS). For in-situ observations of the 

dynamic of the PCG formation, the organic transparent peritectic model 
system tris(hydroxymethyl)aminomethane–neopentylglycol (TRIS–NPG) 
was selected. Between March 17 and April 24, 2021, three cartridges 
filled with TRIS-NPG alloys of near peritectic compositions were pro-
cessed by using the ‘TRANSPARENT ALLOY’ (TA) insert to the MSG1 

[21–23]. It was shown that during the initial transient stage, the forma-
tion of PCG began with the occurrence of lateral bands of the peritectic 
β-phase in the gap between the pro-peritectic α-phase and cartridge glass 
window [23]. An inclined α/l interface enriched the solute at the back-
most part of the solidifying interface, thus favoring the growth of β. A 
necessary condition that enables the β-phase band to reach the α/l 
interface is that the interface temperature should fall below Tp. The recoil 
of the s/l interface during the initial transient gradually reduces the 
interface temperature such that β can finally reach and overgrow the α/l 
interface. However, some larger α patches remain in contact with the 
liquid, and so, PCG begin. While the interface temperature further 
decrease, the α patches change into long lamellae, follow by an increasing 
number of curved lamellae with some rod-like objects. Finally, only rods 
grow coupled with the β matrix [23]. In the present letter, it is shown that 
fully planar PCG appears to be an intermediate stage during the initial 
transient that occurs when α changes into β planar solidification. In 
addition, it is shown that for larger pulling velocities, partly 
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planar/cellular PCG coexists together with a single-phase 2D layer at the 
top of the tilted interface. 

The TA apparatus used for the in-situ studies reported here was 
specifically designed for experiments with organic transparent alloys 
under µg-conditions [24]. Details concerning the performed experi-
ments are presented in [23]. A schematic drawing of the Bridgman 
furnace and cartridge of the TA device can be found in [25]. The car-
tridges, named TAC, possessed a solidification volume of 100 mm 
(length) × 6 mm (width) × 1 mm (depth). Owing to specific re-
quirements for the contact area between the cartridge and hot and cold 
clamps, only an effective solidification length of 66 mm was available. 
This length was conceptually separated into six segments (named 
S1-S6), with a length of 11 mm each. The solidification experiments 
were conducted one by one only with ‘fresh’ segments that had never 
melted before. 

The two compounds’ TRIS-NPG were supplied as powders by Sigma‒ 
Aldrich,2 with a reported purity of >99.9% for TRIS and >99% for NPG. 
All manipulations with these compounds were performed under a pro-
tective atmosphere. The water content of NPG was further reduced by 
drying at 375 K for 24 h TRIS was used without further processing 
because it is sensitive to long-term annealing at elevated temperatures. 
Alloying and filling of special syringes were performed by the authors. 
The material was then shipped to QinetiQ Space,3 where the TACs were 
filled. 

A typical experiment started with 1 h sample annealing at elevated 
temperature (403 K, without visible traces of molten areas), then 2 h 
were added without any motion but with activating a predefined tem-
perature gradient of G ≈ 3–5 K/mm (gradient stage) and subsequently 

Fig. 1. Development and disappearance of PCG during solidification of segment TAC2s4 (Vpull = 0.360 mm/h). The growth direction is upwards. Pictures are taken 
with middle focus except the right insets, which are taken with front focus, and the left inset, which are taken with back focus. (a) is acquired at the ISS on April 8, 
2021, 11:54 GMT, that’s one hour after the start of the pulling, (b) to (f) is acquired later as indicated by the given clock time. The blue bars in (b) indicate the 
peritectic β-phase that approaches the growing α/l-interface. In (c) this interface is completely overgrown by the β-phase, except the α-patches that are (partly) 
indicated in red. These patches decrease in size until they completely disappear (f). 

2 http://www.sigmaaldrich.com.  
3 https://www.qinetiq.com/en/sectors/space now https://redwirespace. 

com. 
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pulling was done with a constant velocity in the range of Vpull =

0.14–0.65 mm/h. Finally, the sample motion was stopped while the 
gradient was retained for another 4 h. In most cases, both hot clamps 
were set to Thot = 439 K and both cold clamps to Tcold = 379 K. 

After activating the temperature gradient, the organic material 
melted above the corresponding liquidus temperature and only partly 
below. The mushy zone that formed revealed a fine-grained micro-
structure. During the gradient stage, coarsening and grain boundary 
migration occurred by temperature gradient zone melting (TGZM) [26, 
27], and thus the mush/liquid (m/l) interface recoiled. As a conse-
quence, each solidification experiment started with a m/l interface that 
consisted of grains that were still much smaller than the spacing of the 
cartridge at a position that did not exactly represent the liquidus tem-
perature of the corresponding alloy. Surprisingly, we observed in most 
of experiments, that the grains close to the front window were ahead of 
those close to the rear window. Thus, the m/l interface that served as the 
starting point for solidification was inclined. In addition, we realized 
that the m/l interface during the gradient stage and the s/l interface 
during growth were convexly curved seen from the ‘hot’ side of the field 
of view (FOV). It is important to mention that the amount of convexity is 
nearly constant during holding and growth. It is also almost symmetrical 
with respect to the cartridge axis. 

Nine of the eighteen solidification experiments performed during the 
microgravity campaign showed PCG. We found both fully and partly 
planar/cellular PCG. Fig. 1 shows an example of a fully planar and Fig. 3 
of partly planar/cellular PCG. Fully planar PCG was found for pulling 
velocities equal to or smaller than Vpull = 0.396 mm/h and partly 
planar/cellular PCG for pulling velocities equal to or greater than Vpull =

0.360 mm/h. The formation of PCG needed a minimal pulling velocity 
of Vpull = 0.324 mm/h to occur. In contrast, an upper pulling velocity 
limit was not found, as actually for the largest applied pulling velocity, 
Vpull = 0.648 mm/h, PCG was observed even if rapidly massive cellular 
growth occurs. 

Fully planar PCG occurred when the s/l interface remained macro-
scopically planar. Some large-scale interface curvatures, such as the 
convexity in the width direction, did not cause morphological insta-
bility. The challenge of studying the formation of PCG with an organic 
transparent model system such as TRIS-NPG is that the pro-peritectic 
and peritectic phases look exactly the same, as they have similar 
refraction indices. The distinction can only be made by their different 
dynamical behaviors. 

In Fig. 1b, peritectic phase bands (marked in blue) have reached the 
s/l interface from lower positions and started to grow over the interface 
from the back towards the front window. Although the optical illusion 
exists in that the bands in Fig. 1b are located at the front, they are 
definitely located at the rear window. This becomes clear as the inset at 
the right of the picture was taken with a focus at the front window at ff1 
= 0 mm, whereas the picture itself was taken with a focus in the middle 
between the front and rear windows at ff2 = 0.5 mm. 

The bands nearly overgrew the former interface except some patches 
that are marked in red in Fig. 1c. These patches changed into lamellae 
and finally into a mixture of lamellae and rods (Fig. 1c-f), while the front 
recoiled and thus gradually grew at lower interface temperatures. In the 
further course, the size of the lamellae and rods decreased until they 
finally completely disappeared. Thus, only a limited length solidifies 
with PCG. In the case of Fig. 1, the PCG region had an approximate 
length of 2 mm. Detailed investigations on the beginning and the end of 
PCG revealed that the solid phase that formed the bands is also the phase 
that finally prevails. As the primary existing grains comprised the pro- 
peritectic α-phase, the bands and the prevailing solid phase, 
comprised the peritectic β-phase. Therefore, Fig. 1 shows the transition 
from α to β growth via PCG. It is also worth mentioning that for TAC2s4, 
the recoil during PCG occurred with a nearly constant velocity of 
approximately V = 0.180 mm/h. That is 50% of the actual pulling ve-
locity of Vpull = 0.360 mm/h. 

Fig. 2 shows the central interface position at the rear window as a 
function of time for three different experiments that showed fully planar 
PCG. The beginning of the curves was taken at the start of the PCG. For 
TAC4s4, that was 3.9 h after the start of the pulling, and for TAC2s4 and 
TAC4s5, 2.4 h. The end of PCG is indicated by the arrows. The contin-
uation of the interface recoil hereafter is based on the growth of only one 
single solid phase. Note that PCG occurred with similar growth veloc-
ities for TAC2s4 and TAC4s5, but TAC4s4 solidified with approximately 
V = 0.200 mm/h for the PCG stage (55% of Vpull). 

Comparing the initial interface position with the (indirectly) esti-
mated temperature profile along the cartridge axis and the TRIS-NPG 
phase diagram, reveals that TAC4s4 and TAC4s5 exhibited the same 
concentration, c0 = 51.5 ± 1 mol% NPG, whereas TAC2s4 exhibited c0 
= 49.3 ± 1 mol% NPG. Therefore, all three segments most probably 
reveal a composition in the peritectic interval (47–54 mol% NPG), with 
TAC2s4 being hypo-peritectic and TAC4s4 and TAC4s5 hyperperitectic 
(cp = 51 mol% NPG). This is surprising because hyperperitectic alloys 
should have fewer problems to form stable β-phase growth than hypo-
peritectic alloys. On the other hand, due to the interface inclination, the 
solute concentration at the foremost and backmost part of the interface 
might be different. At the end of the PCG the interface recoiled by 3.1 
mm for TAC4s5, 3.6 mm for TAC2s4 and 4.3 mm for TAC4s4. The cor-
responding PCG thickness can be directly linked to the pulling velocity. 
The lower the pulling velocity, the longer stable PCG can occur. 

The prevailing phase at the end of PCG is the same that had formed 
the initial bands, obviously the peritectic β-phase. Comparing the 
interface temperature during further recoil with the phase diagram re-
veals that the β-phase solidified with an interface temperature that is 
below the melting point of pure NPG, which is obviously impossible. 
Thus, we have to assume that undesired impurities lowers the liquidus of 
the β-phase. 

Partly planar/cellular PCG occurred for larger pulling rates. It was 
observed that the grains close to the front window started to grow faster 
and so soon grow ahead of the others. The inset of Fig. 3a, acquired two 
hours after the start of the pulling, shows that these grains grew as a thin 
solid layer with a two-dimensional rather than a three-dimensional 
characteristic. In the further course (Fig. 3b-e), they grew independent 
from the rest of the front and formed a clear distinct cellular pattern, 
while the rest of the front was still growing with planar PCG. As shown in 
Fig. 3b, PCG is again initiated by the formation of a coagulated second 
solid phase band (marked in blue) that appeared from deeper regions in 
the mush and grew from back to front after having reached the s/l 
interface. In Fig. 3c, the remaining patches of the primary solid phase are 

Fig. 2. Lowest interface position at the rear window as function of time. The 
time of growth are measured from the instant that the coagulated second phase 
band reaches the interface of the primary phase and thus the start of PCG. The 
termination of PCG is indicated by the red markers and the arrows. 
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again marked with red. Unlike the fully planar PCG, we have observed 
only rods that formed. They grew quite dynamically in competition with 
the second solid. Over time, the rods started to form cells, and the second 
phase was left behind (Fig. 3f). The cells further evolved, and finally, the 
whole interface became cellular or even dendritic (not shown). From the 
description given here, it is clear that the cells that have developed from 
the planar PCG front constitute the pro-peritectic α phase and that the 
matrix that is left behind constitutes the peritectic β phase. This was also 
confirmed by detailed studies on enlarged sections. Such cellular PCG 
was also observed by Dobler et al. [3]. They decreased the G/Vpull ratio 
beyond the limit of morphological stability of the pre-peritectic phase 
and got a transition from planar to cellular PCG. During our experi-
ments, the interface recoil indicates that the system still passes through 
the initial transient stage where increasing solute pileup leads to a 
destabilization of the front and thus planar PCG changes into cellular 
PCG. 

In Fig. 4, the interface position as a function of time for four exper-
iments with partly planar/cellular PCG is given. Measured were the 
positions of the s/l interface tips at the front window together with the 
position of the roots of the thin solid layers. Different from Fig. 2, the 

beginning of the curves is now given by the start of pulling. The growth 
velocity of the thin solid layer was faster than the growth velocity of the 
left-behind interface. Therefore, for each experiment, we plotted a curve 
with two branches: one for the thin layer tip position (lower branch) and 
one for the left-behind bulk interface (upper branch). As mentioned 
above, the corresponding thin solid layer formed a polycrystalline 
interface that changed with time into a cellular pattern. The instant 
when this happens is marked with a yellow dot. The left-behind interface 
grew first as planar PCG and later as cellular PCG. However, as more and 
more distinctive cells occurred further evaluation of the interface posi-
tion was no longer possible (end of the upper branch). It was also 
difficult to decide whether solidification continued as a cellular PCG 
with deep cells or as a single-phase cellular array. TAC2s1 became fully 
cellular after only 2 h. For all four experiments shown in Fig. 4, the start 
of the PCG (indicated by a red dot) occurred before the thin solid layer 
was established. For TAC2s2, we found a growth velocity of V = 0.322 
mm/h for the initial polycrystalline growth and V = 0.337 mm/h for the 
cellular growth of the thin solid layer. These values are 75% and 78% of 
the pulling velocity of Vpull = 0.432 mm/h. PCG at the left-behind 
interface grew with only V = 0.307 mm/h so that the difference 

Fig. 3. Development of PCG during solidification of segment TAC2s2 (Vpull = 0.432 mm/h). The growth direction is upwards. Pictures are taken with middle focus 
except the insets, which are taken with front focus. (a) is acquired at the ISS on April 2, 2021, 11:06 GMT, that’s 2 h after the start of the pulling, (b) to (f) are 
acquired later as indicated by the given clock time. Again, in (b) blue is used to indicate the peritectic β-phase that approaches the growing α/l-interface. In (c) this 
interface is overgrown by the β-phase, except a single-phase 2D layer at the top of the tilted interface and except the α-patches that are indicated in red. 
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between the frontmost thin solid layer and the left-behind PCG further 
increased with time, as shown in Fig. 4. 

Note that TAC2s4 and TAC4s2 were processed with the same pulling 
velocity. For TAC2s4 planar PCG lasted around 9.5 h and ended with 
single-phase planar growth. Contrarily, PCG for TAC4s2 lasted the full 
processing period. After around 19 h of pulling, small single-phase cells 
occur at the top of the tilted interface while PCG is still ongoing [23]. 
That’s why it is classified here as partly planar PCG. The small difference 
in segment concentration, c0 = 49.3 ± 1 mol% NPG for TAC2s4 and c0 =

50.2 ± 1 mol% NPG for TAC4s2, can not explain this different behavior. 
A severe difference between this two runs is the inclination of the 
interface; for TAC2s4 the inclination nearly vanished with time, whereas 
for TAC4s2 it increased slightly. 

Obviously, the interface inclination is a severe factor that influences 
the further development of PCG. In the present experiments, for larger 
pulling velocities the initial interface inclination (caused by a thermal 
bias) leads to the formation of a thin solid layer at the front window of a 
cartridge. The tip of such a thin solid layer is located ahead of the bulk s/ 
l interface. Therefore, diffusion can occur in the growth direction and 
sideways. The formation of such thin solid layers is promoted by the fact 
that a growing interface that is inclined against the cartridge axis pos-
sesses a concentration profile that is also inclined. The solute pileup 
ahead of the foremost part of such an inclined s/l interface is thus 
affected not only by diffusion in the longitudinal direction but also in the 
lateral direction. As a consequence, the foremost part of the inclined 
interface can grow faster than the rest of the interface. The opposite is 
true for the backmost part of an inclined s/l interface. Here, solute 
diffusion away from the interface is hindered by the presence of the 
containment boundary. 

According to the initial interface temperature and the TRIS-NPG 
phase diagram, TAC2s2 has a composition that is out of the peritectic 
interval, namely c0 = 44.0 ± 1 mol% NPG. Therefore, only the pro- 
peritectic α-phase should solidify. However, the large inclination of 
the s/l interface led to a concentration increase at the backmost part of 
the interface, such that the β-phase could grew there. The same is true 
for segments TAC4s1 and TAC4s2. Therefore, it can be stated that for the 
partly planar/cellular PCG cases, β-phase bands grew in the gap along 
the rear window, where, owing to the inclined growth, the solute con-
centration was high. When the β-phase band reaches (coagulated or 
individually) the α/l interface PCG starts. This is the same mechanism 

for starting PCG as for the fully planar PCG cases. 
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