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INTRODUCTION
Alloy 625 (UNS N06625) is a highly alloyed nickel-base 
alloy that presents good mechanical strength, high 
corrosion resistance in several environments, creep 
resistance and weldability. Because of this attractive 
combination of properties, alloy 625 has found wide-
spread applications in sectors such as nuclear, Oil&Gas, 
energy, chemical and aerospace [1], [2], [3]. The high 
levels of Cr, Mo and Nb provide good corrosion 
resistance, especially for localized corrosion, increasing 
the pitting resistance equivalent number (PREN) [4]. 
Furthermore, Nb reduces the deleterious effect of Mo and 
Cr precipitates at the grain boundary on the resistance to 
intergranular corrosion [5]. The Al and Ti additions are 
primarily for refining purposes, while Fe provides further 
solid solution strengthening [3]. Alloy 625 is typically 
used for the production of fluid-dynamic parts and 
valves components for the energy and Oil&Gas sectors 
and is commonly manufactured by plastic deformation 
processes and subsequent machining. Concerning the 
machinability, alloy 625 usually leads to excessive tool 
wear and high material removal rates. Consequently, the 
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cost of the manufactured part can significantly increase 
with the complexity of the final geometry. [6], [7].
Additive Manufacturing (AM) technologies can be 
successful for nickel alloys because they achieve 
high material utilization efficiencies, do not cause 
tool wear and can manufacture complex geometries 
without a substantial increase of the cost [8], [9]. 
Additive manufacturing is a family of technologies that 
deposits materials layer by layer to create geometric 3D 
components. The most common technologies utilize 
metal powder or wire as feedstock. These techniques 
melt the metallic material in the printing process, so the 
product is ready for the usage [1], [10]. The high cooling 
speed provides completely different microstructures with 
respect the traditional worked alloys, generally with higher 
mechanical properties. Despite, the main disadvantages 
of AM technologies are speed and production costs. 
To overcome these difficulties, new techniques have 
been developed to require a much simpler and cheaper 
printing equipment with much higher production speeds 
[11]. This is achieved by using an auxiliary polymer as 
in material extrusion (MEX) technology. The printing 
process involves the deposition of a polymer filament 
filled with metal powders. Conversely traditional additive 
technologies, there is not the melting of the metal powder 
during the deposition. Post-deposition treatments 
are mandatory: debinding to remove the polymer and 
sintering to consolidate the metal powders [12], [13]. 
Previous studies have shown that MEX technology 

presents elongated and interconnected macro-defects 
with periodic distribution within the material, depending 
on the adopted deposition strategy [13]. The aim of this 
work is to investigate the relationship between corrosion 
behaviour, microstructure and defects of an alloy 625 
obtained by MEX and to compare it with the results 
obtained by the same alloy produced by hot working (HW) 
by means of corrosion tests in sulfuric acid at different 
temperatures.

MATERIALS AND METHODS
Materials
MEX-processed specimens were made with a 
MetalXMarkforged System using commercial alloy 625 
powder-filled polymer filament of approximately 1.8 mm 
in diameter as feedstock material. Following the sintering 
process, the material has a composition reported in 
Tab. 1. The specimens consist of 5 mm x Ø 15 mm cylinders 
composed of two zones with different scanning strategies. 
The outer area, named contour, is filled with 4 stripe-thick 
with parallel direction between successive layers. The 
core, defined as the inner zone, is realized with layers 
with deposition directions alternately oriented at +45° and 
-45°. The HW material consisted in hot-rolled bar with a 
diameter of 16 mm (chemical composition reported in 
Table 1) that was heat treated and then mechanically cut to 
get 5 mm thick specimens. The performed heat treatment 
is a "Grade 1" following ASTM B446: solubilization at 980 
°C for 32 minutes and quenching in water.

Technology
Element (% weight)

C Si Mn P S Cr Mo Ni Nb Ti Al Co Ta Fe

MEX 0,08 0,52 0,40 0,006 0,004 19,55 8,57 Bal. 3,28 0,022 <0,001 0,047 - 2,61

HW 0,036 0,25 0,19 0,007 0,001 21,60 8,26 Bal. 3,660 0,243 0,199 0,02 0,01 3,11

Tab. 1 - Composizioni chimiche della lega 625 prodotta tramite MEX e HW / Chemical compositions of alloy 625 
produced by MEX and HW

Microstructural investigation and defects 
characterization
The specimens were analyzed after grinding with silicon 
carbide emery papers up to 4000 grit and subsequently 
polishing with 1 µm diamond suspension. The specimens 
have been investigated with a digital-optical microscope 

(OM) Keyence VHX-7100 and a field emission scanning 
electron microscope (FESEM) Zeiss Sigma 300 equipped 
with an Oxford x-Act probe for energy dispersive X-ray 
spectroscopy (EDS). For metallographic analysis, the 
etching solution 15-10-10 (HCl, HNO3, CH3COOH) was 
used. 
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EDS analysis detected carbides of Ni e Mo in alloy 625 
manufactured via MEX, as shown in Fig. 2A. It is focal to 
specify that such carbides are homogeneously arranged 
and in block shapes in the core, while they are elongated 
and primarily arranged along the grain boundaries in the 
contour. Furthermore, inclusions of oxides rich in Al, 
Si, and Cr and surrounded by a secondary phase were 
discovered (Fig. 2B). In literature, it has been proposed 
that oxides and carbides form during debinding and 

sintering by the capture of impurities [14], [15]. The 
reference HW material is characterised by the presence 
of carbides, both in blocks and elongated along the grain 
boundary forming semi-continuous chains, as visible in 
Fig. C. Second phases rich of titanium were also detected 
in HW specimens.

Fig.1 - Metallografia x200 della lega 625 ottenuta per MEX A) e HW B). / Metallography of alloy 625 processed 
by MEX A) and HW B).

Corrosion immersion test in sulfuric acid
Immersion corrosion tests were carried out according to 
ASTM G31 in a 50% (wt.%) H2SO4 solution at 50°C, 80°C 
and boiling temperature. The specimens were placed in 
a 1 L Erlenmeyer flask with a reflux condenser to avoid 
the evaporation of the test solution. At the bottom of the 
flask, a thin layer of boiling chips was spread in order to 
promote the boiling and avoid the contact between the 
specimens and the flask background. The cell was heated 
by a thermostatic bath and the test solution temperature 
was monitored by internal thermometer. Before the tests, 
all the specimens underwent mechanically grinding using 
SiC emery papers up to 4000 grit and then polishing with 
1 µm diamond suspension. Then, they were weighted 3 
times before the immersion. After 24 hours of immersion, 

the specimens were extracted from the solution, washed 
with distilled water and rinsed in acetone, then weighted 
again to establish the weight loss. All the corroded 
specimens were further analysed (OM/SEM/EDS).

RESULTS AND DISCUSSION
Microstructural investigation and defects characterization
The MEX-fabricated specimens showed a microstructure 
with equiaxed austenitic grains and several precipitates, 
as visible in Figure 1A. Moreover, typical macro-defects 
of MEX technology were also visible under digital optical 
microscope. Hot worked specimens were characterized 
as well by austenitic equiaxed grains with characteristic 
twins as shown in Fig. 1B, with finer grains with respect to 
MEX specimens.
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Corrosion tests in sulfuric acid
The weight losses in 50% sulfuric acid solution showed an 
exponential trend depending on the temperature of the 
solution, as seen in Fig. 3. At higher temperatures, there 

is an increase of the movement of ions and reduction of 
oxygen concentration all contributing to higher corrosion 
rates [16], [17].

Fig.2 - Analisi EDS di provini MEX A), B), D), E) e HW C), F) / EDS Analysis of MEX A), B), D), E) and HW C), F)

Fig.3 - Velocità di corrosione della lega 625 in 50% H2SO4 in funzione della temperatura della soluzione / 
Corrosion rates vs solution temperature of alloy 625 in 50% H2SO4 

The corrosion rate of alloy 625 HW is comparable with 
the values already reported in the literature [18], [19]. 
Conversely, MEX exhibited corrosion rates an order of 
magnitude higher than those of the alloy obtained through 
traditional technology. Furthermore, MEX showed high 
corrosion rates already at 50 ºC, while HW displayed 
significantly lower corrosion rates at that temperature. 
Digital optical microscope analysis of the exposed 
surfaces proved that the corrosion attacks morphology 

in both MEX and HW preferentially follows the grain 
boundaries, as shown in Fig. 4.
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Fig. 4 - Superfici della lega 625 dopo le prove di immersione in H2SO4 a 50°C e 80°C – Surface of alloy 625 after 
immersion test in H2SO4 at 50°C and 80°C.

EDS of alloy 625 after the immersion test demonstrated 
that the interface between carbides/Ni-grain and oxides/
Ni-grain is the predominant site where the corrosion 
occurs (Fig. 5). Therefore, it is plausible that the 
intergranular corrosion behaviour of Alloy 625 in both HW 

and MEX is highly affected by the presence of carbides 
with adjacent Ni and Cr depleted zones, distributed along 
the grain boundaries [20].

Fig. 5 - Analisi EDS di un provino MEX a seguito della prova di immersione in H2SO4 a 50°C - EDS Analysis of 
MEX specimen after immersion test in H2SO4 at 50°C.

During immersion test, macro-defects of alloy 625 MEX 
increased in size because of severe corrosion occurring. 
The defect size increased greatly with the aggressiveness 
of the solution, as visible in Fig. 6. The enlargement of 
defects leads to an expansion of surface exposed to 

the corrosive environment, contributing to the higher 
corrosion rates observed in MEX specimens if compared 
to the HW benchmark.
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Fig. 6 - Macro-difetti dei provini MEX post immersione in H2SO4 a differenti temperature / MEX macro-defects 
after immersion test in H2SO4  at different temperature.

At all test temperatures, there was a distinct difference 
of corrosion morphology between core and contour 
in the MEX samples. In both regions, it is evident that 
the corrosive attack initiates at the interface between 
the carbides and the base material. In the contour, the 
corrosion is strictly intergranular, while the core showed 
a more homogeneous morphology. This observation is 
consistent with the different carbide arrangements and 
shapes in the core and contour.

CONCLUSIONS
This study investigated the alloy 625 produced via Material 
Extrusion  in terms of internal defects, microstructure and 
corrosion behaviour. The research aimed to understand 
how the material obtained through MEX may exhibit 
different corrosion behaviour compared to the same 
material produced traditionally. This work lays the 
foundation to characterize the corrosion behaviour of 
further additive manufacturing  technologies. The main 
highlighted findings are as follows:

•	 Both technologies provide austenitic equiaxed 
grains. MEX specimens showed homogeneously 
distributed carbides with block shapes within the 

core, while in the contour they were elongated and 
primarily aligned along grain boundaries. HW material 
is also characterised by carbides, both in blocks 
and elongated along the grain edge forming semi-
continuous chains. 

•	 Corrosion immersion tests in sulfuric acid 
demonstrated that Alloy 625 produced by MEX 
exhibited corrosion rates significantly higher than 
those produced by HW. Intergranular corrosion 
mechanism occurs in both HW and MEX specimens, 
predominantly in the contour region.

•	 During the corrosion test, the macro-defects widened 
significantly. This indicates that in areas where the 
material exhibits active behaviour, the macro-defects 
characteristic of MEX technology have a deleterious 
effect.
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Comportamento a corrosione in ambienti acidi 
della lega 625 prodotta mediante Material 

Extrusion: effetto della microstruttura e delle 
porosità generate dal processo produttivo

La manifattura additiva (AM) sta acquistando sempre maggiore interesse in diversi settori industriali come quelli 
dell’Oil&Gas, aerospaziale e chimico. Questo gruppo di tecnologie comprende tecniche innovative ma ben 
consolidate, nonché metodi più recenti come la Material Extrusion (MEX). Questa tecnica mostra vantaggi rispetto alle 
altre tecniche AM, tra cui l’elevata velocità di deposizione e la semplicità nella gestione della materia prima; tuttavia, 
presenta numerose macro-porosità endogene che possono influenzare la resistenza alla corrosione. La relazione fra 
i difetti di questa tecnologia e il suo comportamento a corrosione è ancora da approfondire. Questo lavoro studia 
la relazione fra la microstruttura, i difetti interni e il comportamento a corrosione in ambiente acido riducente della 
lega 625 ottenuta tramite MEX, rispetto alla lega ottenuta con tecnologia tradizionale. I risultati pongono le basi per 
ulteriori approfondimenti volti allo studio della relazione fra microstruttura e comportamento a corrosione della lega 
625 prodotta mediante altre tecnologie AM.
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