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A B S T R A C T   

At a stationary temperature gradient, the grain boundaries comprising residual melt can migrate. Their migration 
is governed by liquid diffusion and, in multiphase materials, depends highly on the phases present. Therefore, 
this phenomenon can be used for phase identification if data on metastable extensions of the corresponding 
phase diagram are available. Thus, we re-optimised the thermodynamic description of Tris(hydroxymethyl) 
aminomethane-Neopentylglycol (TRIS–NPG), a transparent peritectic alloy often used as a model alloy for 
metallic solidification, and used the predicted metastable liquidus and solidus curves to evaluate the grain 
boundary migration observations. As we found temperature gradient zone melting (TGZM) at low temperatures, 
the presence of the peritectic phase could be excluded even though a near-peritectic alloy had been processed. 
The liquid diffusivity, as a function of the position/temperature, was estimated from the TGZM velocity mea-
surements. The data suggest that the diffusion coefficient deep in the mush is one order of magnitude smaller 
than that close to the liquidus temperature. This may be typical for non-dilute alloys, where the concentration of 
the intergranular liquid changes considerably.   

1. Introduction 

Extensive research has been conducted on metallic solidification 
using transparent organic materials that exhibit a high-temperature 
“plastic crystal” formed by so-called “globular molecules.” These mol-
ecules undergo phase transitions from a low temperature-ordered 
structure (tetragonal, orthorhombic, and monoclinic) to a high- 
temperature orientationally disordered (face centred cubic (fcc) or 
body centred cubic (bcc)) phase, referred to as “plastic” or “orienta-
tionally disordered crystal (ODIC)”. Based on the reversible breaking of 
the nearest-neighbour hydrogen bonds in molecular crystals, these sol-
id–solid phase transitions are characterised by a relatively high enthalpy 
[1]. Hence, as phase change materials, they are of interest for thermal 
energy storage (TES) applications [2,3]. The low temperature-ordered 
phases usually appear needle-like as they grow as faceted crystals. 
Conversely, an ODIC forms cellular and dendritic morphologies that are 
similar to those of solidifying metals or alloys. 

To perform in situ observations of peritectic solidification at low 
pulling velocities, a Tris(hydroxymethyl)aminomethane–Neopentylglycol 
(TRIS–NPG) organic system was selected (CAS numbers 77–86-1 and 
126–30-7, for TRIS and NPG, respectively). Part of the TRIS–NPG phase 

diagram relevant to this study is shown in Fig. 1. The phase diagram was 
experimentally determined by Barrio et al. [4] and recently confirmed by 
other studies [2,5]. The peritectic invariant reaction, α + L ↔ β, is located 
at Tp = 410.7 K and xp = 0.51 mol fraction NPG. The (high temperature) 
eutectoid invariant reaction, α ↔ β + O, is located at Te1 = 392.5 K and 
xe1 = 0.43 mol fraction NPG. Here, α represents the high-temperature 
plastic TRIS phase (bcc), β refers to the high-temperature plastic NPG 
phase (fcc), O is the low-temperature faceted TRIS phase (orthorhombic), 
and L is the liquid phase. The second eutectoid invariant reaction (β ↔ O +
M, at Te2 = 310.5 K and xe2 = 0.96 mol fraction NPG), which involves the 
monoclinic phase (M) and is promising for TES applications, is not relevant 
for this study. 

Directional solidification experiments applying the Bridgman tech-
nique have recently been conducted onboard the International Space 
Station using several near-peritectic TRIS-NPG alloys [6–8]. To assist 
this space-based study, ground-based solidification experiments were 
conducted using thin samples. The results shed light on phenomena that 
have also been observed in space. 

The experimental study presented in this paper uses a hypo-peritectic 
TRIS–NPG alloy with 0.5 mol fraction NPG and comprises direct 
observation of melting and grain boundary migration in a given 
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temperature gradient. The sample was not moved, and melting and so-
lidification were solely induced by changing the corresponding tem-
peratures. Similar results have been reported in the literature [9–12]. 
However, these studies investigated the microstructural dynamics that 
occur when the growth of well-developed dendrites stops. Nguyen-Thi 
et al. [9] performed real-time analysis of temperature gradient zone 
melting (TGZM) by synchrotron X-ray radiography. A thorough char-
acterisation of both the initial solid during the thermal stabilisation 
phase prior to solidification (static TGZM) in Al–3.5 wt% Ni alloy and 
the dendritic microstructure in the later stage of solidification in Al–7.0 
wt% Si alloy was accomplished. Using a similar technique, the mushy 
zone evolution from dendrites to a planar front that occurs when pulling 
stops was studied for an Al-5 wt% Cu alloy [10]. A detailed analysis of 
the phenomena is presented in a separate study [11]. The present study 
capitalizes on the knowledge (as confirmed by the aforementioned 
studies) that individual droplets migrate by the TGZM at the same ve-
locity as the secondary-side arms. In addition, a gradual increase in the 
concentration at the macroscopic solid/liquid (s/l) interface and a cor-
responding interface recoil has also been demonstrated [11]. The phase- 
field approach used in Ref. [11] was reported in a study by Boussinot 
et al., wherein a reduced diffusivity in the interdendritic liquid was 
suggested [12]. 

A hyper-peritectic Al-18at% Ni alloy and a peritectic Al-25at.%Ni 
alloy were processed by directional melting/solidification in [13–15]. 
During the directional melting of the hyper-peritectic alloy, the authors 
observed three stages: (i) the end of melting without thermal stabilisa-
tion; (ii) the transient state during the thermal stabilisation stage, where 
Ni depletion in the liquid at the initial solid–liquid interface front and 
the interface recoiled owing to TGZM; and (iii) the final state when the 
mushy zone transformed into a full solid [13]. During the directional 
solidification of the corresponding peritectic Al-25at. %Ni alloy, they 
found an incomplete coverage of peritectic phase on the surface of the 
primary phase [15]. Below the peritectic temperature, in the presence of 
incomplete coverage, melting of the primary phase on one side and 
solidification to the peritectic phase on the other side proceeded swiftly 
via diffusion through the interphase liquid layer. 

2. Experimental 

In this study, the experimental procedure comprised four steps, 
whereby the sample remained immobile and only the temperature 
conditions were varied. Images and temperature measurements were 

recorded every 30 s. First, the sample was placed in a cold Bridgman 
furnace for 14 min. Subsequently, the temperature gradient was acti-
vated and maintained constant for 78 min. According to the temperature 
measurements performed in the hot and cold zones, it took approxi-
mately 10 min to establish Thot = 428 K and Tcold = 365 K. With a 7 mm 
adiabatic gap, the temperature gradient can be roughly estimated to be 
G ≈ 9 K/mm. However, it is well known that the temperature distri-
bution within the adiabatic gap is not strictly linear, but can be 
described by a sigmoid function that is governed by an apriori unknown 
length scale that represents the approximate gap width. Depending on 
the length scale, the actual gradient can be steeper or flatter. 

After a holding period of 78 min, the temperatures of both the hot 
and cold zones were reduced by approximately 5 K and kept constant for 
167 min. The temperature reduction took approximately 2 min on the 
hot and 8–10 min on the cold side. Finally, the temperatures of the hot 
and cold zones were increased back to the former values and then kept 
constant for 19 h. This time, the temperature changes also took 
approximately 2 min on the hot and 8–10 min on the cold side. 

The organic compounds used in the present study were supplied as 
powders with purities of 99.9+% for TRIS and 99 % for NPG. As NPG is 
highly hygroscopic, an additional drying process of 24 h at 378 K was 
performed to reduce the water content. TRIS was used as received. The 
alloy was manufactured in an inert gas atmosphere by mixing powders 
of both organic substances in a container and fusing them in the liquid 
state. The container was sealed during the process because of the low 
vapour pressure of the NPG. After cooling the melt to room temperature 
(298.15 K), the alloy was ground to millimetre-sized parts. Sample 
preparation was performed by filling a rectangular glass cartridge (2000 
µm × 100 µm inner dimension, 100 µm wall thickness) with capillary 
force. The cartridge was placed on a heater, and a small amount of the 
mixture was melted close to the front side of the cartridge. As soon as the 
material melted, the alloy was automatically drawn into the cartridge. 
Finally, the cartridge was sealed with a standard ultraviolet-sensitive 
glue. 

The experiment was performed in a vertical Bridgman furnace fixed 
on the stage of a Zeiss microscope. The main parts of the furnace 
comprised two ceramic shells, each covering a brass block. One block 
served as the hot zone and the other served as the cold zone. In addition, 
they were separated by an adiabatic gap of 7 mm. The temperature in-
side the brass parts was controlled using electrically resistive heating 
elements and a Pt 100 temperature sensor. A sample was drawn through 
the furnace via a slot in the brass blocks, which is 2.5 mm × 0.5 mm in 

Fig. 1. Relevant part of the Tris(hydroxymethyl) 
aminomethane–Neopentylglycol (TRIS–NPG) 
phase diagram according to the measurements by 
Barrio et al. [4], completed with the metastable 
extension of the α- and β-liquidus and solidus 
lines according to the CALPHAD dataset pre-
sented herein. The peritectic and the high- 
temperature eutectoid invariants are specified 
together with the melting point of the β-phase 
when containing 100% NPG. The phase regions 
are labelled based on the equilibrium diagram.   
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size. The adiabatic zone was illuminated through glass windows in the 
ceramic plates such that the phenomena inside could be observed using 
a Zeiss microscope combined with a charge-coupled device camera. 

3. CALPHAD modelling 

To interpret the present experiment, it is essential to have informa-
tion on the metastable extensions of the α- and β-liquidus and solidus 
lines. A thermodynamic description of the TRIS–NPG system is available 
in the literature [5]. However, the best possible reproduction of high- 
temperature experimental data, from Barrio et al. [4], is the focus 
here. Based on published data [5,16,17], the thermodynamic descrip-
tion was re-optimised. 

For the pure TRIS compound, the functions of temperature, T, which 
are dependent on the Gibbs energy of the occurring phases, were 
adopted from Shi et al. [5,16]. 

Gα=bcc
TRIS (T)=HRT

TRIS+

⎧
⎪⎪⎨

⎪⎪⎩

5412.81− 0.2845T2

− 2.538⋅10− 4T3+1.52⋅10− 7T4 for10K<T< 445.4K
54631.46+257.25T − 1.821T2

+0.00179T3 − 8.553⋅10− 7T4for445.4K<T< 600K
(1)   

GL
TRIS(T)=HRT

TRIS+

⎧
⎪⎪⎨

⎪⎪⎩

8779.81− 7.56T − 0.2845T2

− 2.538⋅10− 4T3+1.52⋅10− 7T4for10K<T< 445.4K
57998.46+249.69T − 1.821T2

+0.00179T3 − 8.5533⋅10− 7T4for445.4K<T<600K

(2) 

GO=ortho
TRIS (T)=HRT

TRIS+GSER
TRIS(T) with 

GSER
TRIS(T) =

⎧
⎪⎪⎨

⎪⎪⎩

− 9096.72 + 18.65T − 0.3729T2

+1.912⋅10− 4T3 − 1.561⋅10− 7T4 for 10 K < T < 445.4 K
4600 + 76898.99 − 15.05T − 1.0559T2

+0.00114T3 − 6.4742⋅10− 7T4 for 445.4 K < T < 600 K
(3) 

The functions for the phases occurring in the pure NPG compound 
were adopted from Witusiewicz et al. [17].   

GL
NPG(T) = HRT

NPG − 23251.4835 + 5.6221T − 0.39224T2

− 1.3166667⋅10− 4T3 + 1.6645⋅10− 7T3 (5) 

GM = mono
NPG (T) = HRT

NPG +GSER
NPG(T) with 

GSER
NPG(T)=

⎧
⎪⎪⎨

⎪⎪⎩

− 27892.88 − 0.439805T2

+3.445⋅10− 4T3 − 2.9885⋅10− 7T4 for 10 K< T < 314.5 K
− 13655.397 − 160.56542T +0.225275T2

− 8.483333⋅10− 4T3 +4.78225⋅10− 7T4 for 314.5 K< T < 600 K
(6) 

Here, HRT
TRIS and HRT

NPG are the enthalpies of formation of pure TRIS and 
pure NPG, respectively, in their standard element reference (SER) states 
at room temperature (298.15 K) and 1 bar pressure. All data are pre-
sented in SI units. 

The expressions for the hypothetical (metastable) pure TRIS phases, 
Gβ

TRIS andGM
TRIS, and the hypothetical (metastable) pure NPG phases, 

Gα
NPG andGO

NPG, are as follows: 

Gβ
TRIS(T) = Gα

TRIS(T)+HRT
TRIS + 1600 (7)  

GM
TRIS(T) = GSER

TRIS(T)+HRT
TRIS + 7889.2 (8)  

Gα
NPG(T) = Gβ

NPG(T)+HRT
NPG + 354.94 (9)  

GO
NPG(T) = GSER

NPG(T)+HRT
NPG + 4600 (10) 

In a binary system A–B (e.g. TRIS–NPG), the Gibbs energy expression 
for solution-phase ϕ = α, β,O,M and L is usually expressed as 

Gϕ(T, x) = xAGϕ
A(T)+ xBGϕ

B(T)+RT[xAln(xB) + xBln(xB)]+GEX,ϕ(T, x)
(11)  

with xA = x and xB = 1 − x 

GEX,ϕ(T, x) = xAxB(Lϕ
0 (T) + Lϕ

1 (T)(xA − xB)) (12) 

The interaction parameters for the different TRIS–NPG phases were 
obtained by re-optimising the thermodynamic description such that the 
experimental values of Barrio et al. [4] for the peritectic, the two eu-
tectoids and the melting point of pure NPG were reproduced up to the 
third digit. re-optimisation was conducted using the PARROT data 
optimisation module integrated in the Thermo-Calc software package.1 

Lα
0(T) = 14830 − 30.5888T and Lα

1(T) = 1916.2 − 5.835T (13)  

Lβ
0(T) = 13803.8 − 34.1854T and Lß

1(T) = − 32682.8+ 85.8083T (14)  

LL
0(T) = 20414.9 − 43.1740T and LL

1(T) = − 325.4 (15)  

LO
0 (T) = 10237.8 − 14.4812T and LO

1 (T) = − 661.7 (16)  

LM
0 (T) = 3983.7 and LM

1 (T) = 0 (17) 

Fig. 2 shows the resulting stable and metastable TRIS–NPG phase 
diagrams in comparison with the measurements from Barrio et al. [4]. If 
nucleation hindrance makes the formation of the β phase difficult, then 

the α-phase forms solid solutions over the full concentration range 
(Fig. 2b). The (metastable) melting point of the bcc α-phase that com-
prises 100 % NPG is predicted to be atTα

f ,NPG = 369.1 K. In the case of no β 
phase formation, the high-temperature eutectoid (α ↔ β + O), at Te1 =

392.5 K and xe1 = 0.437 mol fraction NPG, disappears and the two-phase 
region (α + O) spreads all the way down to the new eutectoid invariant 
reaction (α ↔ O + M) at Te2′ = 322.9 K and xe2′ = 0.983 mol fraction 
NPG. It is also important to mention that the metastable solidification 
interval of the α-phase gradually widens for higher NPG compositions. If 
no α-phase forms (Fig. 2c), then the metastable β-phase melts congru-
ently (Tc = 411.6 K at xc = 0.465 mol fraction NPG). Moreover, meta-
stable β-phase participates in a new eutectic invariant reaction, L ↔ β +
O, at Te3′ = 401.5 K and xe3′ = 0.287 mol fraction NPG. 

Gβ=fcc
NPG (T) = HRT

NPG +

⎧
⎪⎪⎨

⎪⎪⎩

− 26046.6841 + 8.04112T − 0.368865T2

− 1.883333⋅10− 4T3 + 2.3294167⋅10− 7T4 for 10 K < T < 403 K
− 16498.0451 − 66.312676T − 0.16873T2

− 3.916667⋅10− 4T3 + 2.79216667⋅10− 7T4 for 403 K < T < 600 K

(4)   

1 https://thermocalc.com/products/thermo-calc/. 
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4. Experimental results 

The challenge of the present experimental observations is to distin-
guish between the two ODICs (α and β) and the liquid, as they are 
optically indistinguishable. To distinguish between the different phases, 
their dynamic behaviour based on the TRIS–NPG phase diagram can be 
utilised. Shortly after placing the just-filled hot sample into the cold 
Bridgman furnace, spherulitic and faceted crystals nucleated and grew 
into large irregular grains of a transparent and plastic phase until the 
entire sample was filled with these spherulites. Within minutes after the 
gradient was activated, the samples showed (i) spherulites on the cold 
side, (ii) liquid on the hot side, and (iii) a fine-grained structure in 
between. 

Fig. 3a1 shows the microstructure after the temperature gradient had 
been fully established, and Fig. 3a2 shows the microstructure 60 min 

later. During this period, the grain boundaries gradually migrated from 
the cold to the hot zone, while the grains became increasingly coarse. In 
addition, the solid/liquid (s/l) interface moved to lower temperatures. 
Subsequently, after reducing the temperature levels on both sides of the 
samples by approximate 5 K, the grain boundaries became clearly 
thinner and the s/l interface shot rapidly forward by forming fine den-
drites. These fine dendrites immediately began to coarsen and gradually 
transformed back into a planar front. Fig. 3b1 shows this dendrite 
coarsening stage and the fine dendrites in the inset. The faceted crystals 
on the low-temperature side of the sample required more time to adapt 
to the new temperature field. However, after 152 min, they were fully 
established, as shown in Fig. 3b2. From the distance at which the 
dendrite tips grew forward and the distance at which the faceted crystals 
evolved, temperature gradients of approximately 11 K/mm for the hot 
side and 9 K/mm for the cold side could be determined. Note that the 

Fig. 2. Stable (a) and metastable (b and c) TRIS–NPG phase diagrams as obtained with the dataset defined by Eqs. (1)–(17). The β-phase has been suspended for (b) 
and the α-phase has been suspended for (c). 
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foremost tips of the faceted crystals are not located on a clear isotherm. 
Thus, the estimated cold-side gradient has a slight degree of vagueness. 

When the temperatures were increased back to the former levels, (i) 
the s/l interface moved to a lower position, (ii) the grain boundaries 
became wider, and (iii) the grains were covered with many spots - less 
spots at low temperatures and more spots at high temperatures 
(Fig. 3c1). From the magnified observations, it is clear that these spots 
comprised liquid droplets. Together with the grain boundaries, these 
droplets migrated from cold to hot, and droplet-free layers formed at the 
leading edge of the grains. By waiting sufficiently long, nearly all the 
droplets migrated to the s/l interface, whereby the interface continued 
to move to lower positions. Fig. 3c2 shows the microstructure approxi-
mately 330 min after the temperature level was increased back to the 
former values. Unintentionally, a macroscopic bubble formed in the low- 
temperature part of the sample, which can be partly observed on the left 
side of Fig. 3c2. 

According to the phase diagram in Fig. 1, the temperature on the left 

side of Fig. 3a1, a2, c1, and c2 must be assumed to be below Te1 = 392.5 
K (when the faceted two-phase region is assumed to comprise O + β) or 
below 390 K (when it comprises O + α). The temperature on the right 
side must be assumed to be above the liquidus temperature of the pre-
sent alloy, Tl = 412.7 K for c0 = 0.5 mol fraction NPG. For Fig. 3b1 and 
b2, the left-side temperature is 4 K and the right-side temperature is 5 K 
lower than those mentioned above. 

To estimate the migration velocity of the grain boundaries and liquid 
droplets located in the solid, the displacement in the longitudinal di-
rection was analysed as a function of time. For this, Fig. 3b1 and c1 were 
compared to an image taken 900 s later, and Fig. 3b2 and c2 were 
compared to an image taken 900 s earlier. This choice ensured an equal 
temperature distribution and expected displacements on the order of 
100–400 µm, which is sufficiently large for good optical cognition. 
Fig. 3a1 cannot be evaluated with sufficient accuracy because grain 
coarsening is the main driving force for grain boundary migration, and 
the alteration of the microstructure is too dynamic. 

Fig. 3. Microstructures (a1) after thermal 
equilibration with Thot = 428 K, Tcold = 365 
K, (a2) 60 min later, (b1) another 14 min 
later after thermal equilibration with Thot =

423 K, Tcold = 361 K, (b2) 152 min later, (c1) 
another 29 min later after thermal equili-
bration with Thot = 428 K, Tcold = 363 K, (c2) 
300 min later. The given temperatures are 
those that have been measured at the hot and 
cold zones. They are not exactly present at 
the image edges as the images show only 
3.09 mm from the 7 mm wide adiabatic gap. 
(A supplementary video is available at 
https://doi.org/10.1016/j.jcrysgro.2022.1 
27052.).   
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Fig. 4 shows the migration velocities estimated for Fig. 3a2, b1, b2, 
c1, and c2. As no reliable temperature information along the sample axis 
is available, the values have been plotted as a function of the relative 
position (left side: 0, right side: 1). Evidently, grain boundary migration 
happens over the whole temperature range from around Te1 (left side) to 
around Tl (right side). Close to the low-temperature boundaryTe1, the 
migration velocities are quite small but are detectable. Conversely, close 
to the s/l interface, aroundTl, they are remarkably high. The migration 
curves from Fig. 3b1 and b2 are similar. The same can be stated for those 
from Fig. 3c1 and c2. Meanwhile, the c-curves are remarkably different 
from the b-curves. This difference becomes smaller when shifting the b- 
curves by 0.13 of the relative position to the left. The b-curves have been 
estimated at a ~ 5 K different temperature level, which results in tem-
perature displacement by ~ 500 µm for the cold side and 450 µm for the 
hot side. This displacement corresponds to ~ 0.13 of the relative posi-
tion for the cold and ~ 0.12 for the hot side. 

Furthermore, it is interesting to mention that most of the grain 
boundaries seen in Fig. 3a1, b1, and c1 reached the s/l interface within 
the corresponding holding time and thus disappeared in Fig. 3a2, b2, 
and c2, respectively. It can be concluded from Fig. 4 that the grain 
boundaries shown in Fig. 3a migrate within 60 min by ~ 160 µm at 
lower temperatures and by ~ 2600 µm at higher temperatures. For 
Fig. 3b, ~320 and ~ 5900 µm were estimated for a holding time of 152 
min, and for Fig. 3c, ~1600 and ~ 14.000 µm were estimated for 300 
min. The width of the images in Fig. 3 is 3090 µm. 

5. Discussion 

In light of the TRIS–NPG phase diagram (Fig. 1), it must be assumed 
that the area with faceted crystals, that can be seen on the left side of the 
images in Fig. 3, comprises a two-phase mixture of either O + β or O + α. 
When comparing the evolution of this area with time, it becomes evident 
that the faceted O-phase needs time to adapt to changing conditions. For 
example, by reducing the temperature by ~ 5 K, it took more than 60 
min to approach the final position of the O-phase needles (Fig. 3b2). 
When the temperature was increased back to the former value, it took 
more than 2 h for the O-phase needles to completely dissolve (Fig. 3c2). 

Nevertheless, as previously stated, the temperature on the left side of 
Fig. 3 can be assumed to be below Te1 = 392.5 K (when the faceted two- 
phase region is assumed to comprise O + β) or below 390 K (when it 
comprises O + α). The temperature on the right side is above the liquidus 
temperature of the present alloy, Tl = 412.7 K for c0 = 0.5 mol fraction 
NPG. Of utmost importance is the fact that according to the TRIS-NPG 

phase diagram (Fig. 1), a Scheil-type solidification of the peritectic 
β-phase would always terminate at Tf ,NPG = 401.1 K, that is, the melting 
point of pure NPG. Below 401.1 K, the peritectic β-phase cannot be in 
equilibrium with any TRIS-NPG liquid. Therefore, if a solid/liquid 
mixture is observed at temperatures lower than theTf ,NPG, the corre-
sponding solid can only be in the (metastable) properitectic α-phase. 
AboveTf ,NPG, grains that comprise β or are at least incompletely covered 
by β, as reported in [15], might be in equilibrium with intergranular 
liquid. However, the problem with this hypothesis is that when β exists 
at higher temperatures, it would definitely spread down along the grain 
boundaries until it reaches the low-temperature limit at Te1 and thus, a 
solid/liquid mixture below Tf ,NPG would disappear. Because we have 
clearly observed liquid grain boundaries close toTe1, it can be concluded 
that the peritectic β-phase must be absent during the experiment pre-
sented in this study. 

Pioneering studies by Pfann [18], Tiller [19] and Allen and Hunt 
[20] showed that under certain conditions, a liquid inclusion, either in 
the form of a droplet or a channel, can migrate through a solid by 
imposing a stationary temperature gradient across the solid. This phe-
nomenon is called temperature-gradient zone melting (TGZM). The 
opposite sides of the liquid inclusion are at different temperatures; 
therefore, they have a different solute composition, as thermodynamic 
equilibrium holds at each interface. Hence, there is a solute gradient 
across the inclusion, and the solute diffuses from one side to the other 
(from the cold side to the hot side for the TRIS–NPG alloys). This causes 
solidification on the cold side and melting on the hot side, so that the 
droplet migrates up the temperature gradient. Tiller suggested that the 
migration velocity be obtained using a simple flux balance: 

Vmig =
− GDl

mC*
l (1 − k)

=
− GDl

ΔT0(C*
l )

(18) 

where G is the temperature gradient, Dl is the diffusion coefficient in 
the liquid, m is the liquidus slope, k is the redistribution coefficient, and 
C*

l is the concentration on the liquid side of the solidifying interface. The 
denominator of Eq. (18) represents the solidification interval,ΔT0, atC*

l . 
Principally, Eq. (18) can be applied to a liquid droplet but also to a ‘wet’ 
grain boundary. When the ‘wet’ grain boundary is inclined with respect 
to the temperature gradient, only the component perpendicular to the 
temperature gradient will migrate according to Eq. (18). 

As suggested by Watson and Hunt [21] the experimental measure-
ment of the migration velocities of droplets during TGMZ can be used to 
estimate the often-unknown diffusion coefficient when phase diagram 

Fig. 4. Measured migration velocities for Fig. 3a2, b1, b2, c1, and c2 as a function of the relative position within the images (left side: 0, right side: 1).  
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and temperature gradient are known. Liu et al. estimated Dl for dilute 
Succinonitrile (SCN)-salol and SCN-Camphor transparent alloys by 
applying TGZM investigations [22]. They measured the traces of indi-
vidual droplets migrating from afar to close proximity relative to the s/l 
interface. As they studied dilute alloys, they assumed that Dl does not 
change with temperature or concentration, despite the fact that the 
droplet concentration gradually decreases when approaching the s/l- 
interface. The same method was applied by one of the present authors 
(JM) in his Ph.D. thesis by using alloys from TRIS-NPG [23]. Diffusion 
coefficients in the order of Dl ≅ 3 × 10− 5 mm2/s are suggested. How-
ever, for non-dilute alloys, the assumption of a concentration- 
independent diffusion coefficient that is valid for the entire droplet 
trajectory is vague. In case of TRIS-NPG with c0 = 0.5 mol fraction NPG, 
the concentration within a droplet (or ‘wet’ grain boundary) changes 
from 0.82 mol fraction NPG (at Te1 = 392.5 K) to 0.5 mol fraction NPG 
(at Tl = 412.7 K). Therefore, for non-dilute alloys, an incremental rather 
than an integral evaluation of the droplet migration is advised. 

In the present case, we obtain (by applying Eq. (18)) Dl ≅ 2.7 × 10− 5 

mm2/s for the low temperature positions and Dl ≅ 2.4 × 10− 4 mm2/s for 
the high temperature positions based on the phase diagram information 
for the metastable α-phase shown in Fig. 1 and the measured migration 
velocities shown in Fig. 4. For the temperature gradient, we assumed 
G = 10 K/mm to obtain these Dl values. As G is only roughly known, the 
above diffusion coefficients are not cut in stone. In addition, it cannot be 
decided whether the increase inDl, by a factor of approximately 10, is 
due to the temperature increase, concentration reduction, or both. 
Furthermore, according to Fig. 1, the ΔT0 for β is less than half that for α 
and tends to zero when approaching 412 K and 401 K. Thus, Dl would be 
more than double for a certain range and would show a singularity at 
these two temperatures. Such unrealistic scenarios can also be used to 
exclude the presence of the β-phase. 

Boussinot et al. [12] applied the Arrhenius law to describe the 
reduction in diffusion in the interdendritic liquid at lower temperatures. 
For Al-4wt.%Cu they considered a 40 % reduction from Tl to around 
0.9Tl. Clearly, this is not as drastic as the case presented here. However, 
Al-4wt.%Cu can still be considered dilute compared to the present non- 
dilute alloy. Kamgar et al. recently reported measured mutual diffusion 
coefficients in non-ideal and concentrated liquid solutions [24]. They 
collected data for several alcohol-X mixtures, where X represents Ben-
zene, Carbon disulphide, or carbon tetrachloride. Evidently, in inorganic 

and organic liquid solutions, the diffusion coefficient may frequently 
change with concentration by a factor of 2–5 even at the same 
temperature. 

The hypothesis that the grains shown in Fig. 3 comprise a supersat-
urated α-phase is also confirmed by the fact that liquid precipitation 
occurs within the grains by quickly reducing the temperature level 
(Fig. 3c1). Furthermore, the corresponding grains reveal a precipitation- 
free layer at their ‘hot’ edges. One might intuitively consider that these 
layers represent the β-phase that incompletely covers the α grains. 
However, this idea is incorrect. In less than a minute, the temperature of 
the hot zone increased from 423 K to 428 K (with a small and rapid 
overshoot of 1 K), whereby the cold zone remained at the same tem-
perature level. This rapid temperature increases in the hot zone resulted 
in a sudden occurrence of liquid precipitation, as shown in Fig. 5. 
Apparently, the solid enters the s/l two-phase region when the tem-
perature level is increased, and the solid can now reduce the supersat-
uration by forming liquid droplets. As shown in Fig. 5b, no precipitation- 
free layer exists at the instant the precipitation first occurs. However, at 
a velocity of 0.4 µm/s, a grain boundary migrates a distance of 24 µm in 
60 s. This is approximately the thickness of the precipitation-free layer 
formed during the period between Fig. 5b and c. Thus, the precipitation- 
free layers form by growth rather than from a different phase. 

Whether the grain boundaries migrate differently compared with 
liquid precipitation has also been investigated. Fig. 6 shows the corre-
sponding magnified region at approximately 0.55–0.6 relative position. 
The ‘colder’ droplets (located at the bottom of the image) migrate slower 
than the ‘hotter’ ones (located at the top of the image). Both the droplets 
and grain boundaries migrated at the same velocity depending on the 
local temperature (and composition). The fact that the precipitated 
droplet migrated at the same velocity as the grain boundaries justifies 
the use of Eq. (18) for grain boundary migration and is in accordance 
with [11,12]. 

Notably, long-lasting grain boundary migration by TGZM gradually 
increases the solute content at the s/l interface [11,12]. However, the 
strength of this recoil depends not only on the migration duration and 
velocity, but also on the amount of segregated liquid that allows solute 
diffusion to the s/l interface. Comparing Fig. 3a1 and a2, the interface 
recoiled by 200 µm in 60 min. Comparing Fig. 3b1 and b2, it did not 
recoil at all, although 152 min passed between the two images. Here, the 
grain boundaries become rather thin. Conversely, when the TGZM of 

Fig. 5. Effect of a sudden temperature-level increase on the s/l interface and the occurrence of liquid precipitations: (a) initial stage with Thot = 423 K, Tcold = 361 K; 
(b) 60 s later with Thot = 429 K, Tcold unchanged; (c) another 60 s later with Thot = 428 K, Tcold still unchanged (turned by − 90◦ compared to that in Fig. 3). 
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liquid precipitation contributed to an increase in the solute content at 
the s/l interface, as shown in Fig. 3c1 and c2, the recoil is again stronger. 
Here, we obtained 312 µm in 300 min. 

Generally, by grain coarsening and elongation, the number of grain 
boundaries that reach the s/l interface decreases with time; hence, the 
rate at which the solute content at the s/l interface increases also de-
creases with time. Therefore, the TGZM recoil as a function of time first 
resembles a root function and later approaches an accumulation point 
(when no grain boundaries parallel to the isotherms exist anymore). 

6. Conclusions 

Although thermodynamically predicted, no indication of the pres-
ence of a peritectic β-phase was found in the experiments conducted in 
this study. When the temperature gradient was activated, a fine-grained 
microstructure comprising a pro-peritectic α-phase surrounded by a 
liquid was formed. By obtaining the metastable extensions of the α-liq-
uidus and solidus lines from a thermodynamic assessment, we can 
consider that for the present TRIS–NPG alloy with a 0.5 mol fraction of 
NPG, the fine grains reveal a segregation profile with a solute-pure core 
and a solute-rich outer edge that is in contact with an NPG-rich liquid. 
Thus, the outer edges of the grains were supersaturated. This is the 
starting point for grain coarsening and grain boundary migration by 
TGZM. 

During the subsequent dynamic processes, the situation evidently 
changed: In particular, grain boundary migration by TGZM led to an 
alteration of segregation such that the solute content at the foremost 
planar s/l interface increased and the interface recoiled to lower tem-
peratures. The grains themselves formed less supersaturated layers at 
their ‘hot’ edges owing to resolidification. However, without the 
β-phase, the growth of the α-phase led to a supersaturated solid, based 
on the metastable extension of the α-liquidus and solidus. 

Local evaluation of the grain boundary migration velocity suggests 
that the diffusivity of NPG in TRIS-NPG liquids changed from Dl ≅ 2.4 

× 10− 4 mm2/s for 0.50 mol fraction NPG and Tl = 412.7 K to Dl ≅ 2.7 ×
10− 5 mm2/s for 0.82 mol fraction NPG and Te1 = 392.5 K. This change 
might have been caused by both the temperature decrease of ΔT = 20 K 
and the composition increase by approximatelyΔc = 40%. With a 
diffusion coefficient that decreases drastically, the diffusion dynamics 
during the initial transient might differ from the classical view of 
establishing a steady-state exponential profile, and a longer transition 
period must be expected. 
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Fig. 6. Magnified images taken at t4 + 39 min (left in half) and at t4 + 49 min (right in full). The two images have been taken at the same position in the sample at ~ 
0.6 relative position. Now, the gradient is pointing upwards with hot being on top and cold being below (turned by − 90◦ compared to that in Fig. 3). 
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