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A B S T R A C T   

The formation of a heterogeneous oxidized layer, also called scale, on metallic surfaces is widely recognized as a 
rapid manufacturing event for metals and their alloys. Partial or total removal of the scale represents a 
mandatory integrated step for the industrial fabrication processes of medical devices. For biodegradable metals, 
acid pickling has already been reported as a preliminary surface preparation given further processes, such as 
electropolishing. Unfortunately, biodegradable medical prototypes presented discrepancies concerning acid 
pickling studies based on samples with less complex geometry (e.g., non-uniform scale removal and rougher 
surface). Indeed, this translational knowledge lacks a detailed investigation on this process, deep characteriza-
tion of treated surfaces properties, as well as a comprehensive discussion of the involved mechanisms. In this 
study, the effects of different acidic media (HCl, HNO3, H3PO4, CH3COOH, H2SO4 and HF), maintained at 
different temperatures (21 and 60 ◦C) for various exposition time (15–240 s), on the chemical composition and 
surface properties of a Fe–13Mn-1.2C biodegradable alloy were investigated. Changes in mass loss, morphology 
and wettability evidenced the combined effect of temperature and time for all conditions. Pickling in HCl and HF 
solutions favor mass loss (0.03–0.1 g/cm2) and effectively remove the initial scale.   

1. Introduction 

Metallic biodegradable alloys, also called bioabsorbable alloys, pro-
vide a new insight for a number of medical applications, including or-
thopedic, cardiac, and even dentistry [1]. In this context, Fe–Mn–C 
austenitic steels have been already reported as a valid alternative to 
Mg-based alloys for vascular applications [2,3]. Due to their outstanding 
mechanical properties, e.g. high ductility (deformation at rupture, A ≈
20%) and strength (yielding strength, σY ≈ 620 MPa) [4,5], and their 
appropriate corrosion behavior (0.13 ± 0.01 to 0.24 ± 0.03 mm/year) 
[6,7], this new class of alloys is particularly attractive for thinner im-
plants [8], such as stents, as they present more favorable mechanical 
properties than those of Mg-based ones [9]. 

Thermomechanical processing of alloys, comprising laser cutting 
[10], can be responsible for the formation of a relatively thick surface 
scale, presenting cracks, inclusions, chemical inhomogeneity, etc. In 

addition, also laser processing can generate debris and slag affecting the 
biomaterial surface finishing [11]. 

On the other side, the presence of a thin oxide layer on the metal 
surface is due to specific processes (for example electropolishing), 
creating a surface with features totally different from those properly 
attributed to the previously mentioned «scale». The thermomechanical 
scale is never accepted for applications requiring a strict control of the 
surface properties, because the oxide scale does not constitute an 
acceptable base for following applications; on the other side, the thin 
oxide scale, when carefully produced under strict procedures, could 
improve the material behavior, properties and interaction with the 
environment. 

Thus, the removal of the thermomechanical scale, is mandatory for 
guaranteeing the removal of extrinsic and intrinsic contaminants, and to 
assure the good outcome of the following treatments (for example 
electropolishing or plasma treatments, etc.) In fact, the oxide scale could 
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interfere with the electrochemical, mechanical and cytocompatibility 
metal behavior, which is not acceptable for biomedical and other critical 
applications, such as, semiconductor and pharmaceutical [12]. 

The surface properties of metallic materials are fundamental for 
biomedical applications as the environment/surface interface plays a 
key-role in corrosion processes, cytocompatibility and triggering of fa-
tigue phenomena [13–15]. Surface modification is often reported as an 
implant treatment that can occur in several step, each one taking into 
account a specific surface feature. Chemical and electrochemical treat-
ment is essential especially for products and implants whose complex 
geometry could be compromised if any other kind of traditional treat-
ment, such as mechanical polishing, is applied. 

In particular, acid pickling, or chemical descaling, is a well-known 
technique that allows the removal of heat-formed scale from steel sur-
faces and extrinsic surface contaminants [16]. Pickling is interesting in 
terms of enabling a clean surface to facilitate subsequent treatments, 
such as galvanization or other chemical surface modification processes 
[17]. Acid pickling is based on the immersion of the oxidized sample in 
aqueous acidic solution [18]. However, the effectiveness of the oxide 
scale dissolution was strongly correlated to medium pH [19], acidic 
solution strength (pKa) and chemical composition. For instance, an acid 
with high dissociation strength, pKa < − 2 [20], leads to a large amount 
of protons responsible for the dissolution of iron at the oxide/metal 
interface. This dissolution culminates in the detachment of the oxide 
layer from the substrate. However, the oxide scale solubility is affected 
by the acidic solution temperature, as the acid dissociation constant (Ka) 
varies in function of this parameter. Indeed, at higher temperatures, the 
acid ability to dissociate decreases, reducing the number of protons or its 
ability to form hydronium (H3O+) ions. The parameters to pickle a 
specific type of steel are also dependent on its composition as well as the 
state of the oxide scale. Therefore, pickling is a complex 
multi-parametric process, where solution composition, temperature and 
immersion time need to be finely tuned to the metallic substrate and its 
oxide state. In biomaterials, acid pickling was mainly investigated as 
pre-treatment to hinders corrosion, improve surface energy or create an 
oxide/hydroxide layer [21]. This technique is mainly used for alloys 
employed in permanent implants for blood contact applications, 
including stents, such as stainless steel 316L and Cr–Co, but also for 
Ti-based alloys mainly used in orthopedics [22,23]. For example, for 
316LVM stainless steel stents, the influence of solution composition and 
immersion time on the material surface features was reported [24,25]. A 
mixture of 3% HF, 20–25% HNO3 and deionized water at 35–40 ◦C was 
found to improve both surface finishing and mechanical integrity of the 
final device, by controlling its mass loss. Moreover, these media com-
bined with the use of an ultrasonic bath, allowed the removal of all the 
contaminants and scale from the device surface after 10–40 min of im-
mersion. Nevertheless, the same process for absorbable biomedical al-
loys may cause excessive mass loss, undesirable features and modify the 
mechanical integrity of the device [26]. Hermawan et Mantovani [27] 
already studied a pickling process to remove burrs and slags from the 
surface of a Fe–35Mn biodegradable stent. After-laser cutting, the ma-
terial was immersed in a medium composed of 5% H3PO4 + 0.5% H2O2 
+ water solution (vol/vol) at 60 ◦C for 30 and 60 s, under sonication. 
This pickling setup enabled the elimination of the oxides formed during 
machining. However, a final porous surface similar to that found after 
annealing was obtained, indicating an over-pickling or the preferential 
dissolution of an alloy component, leaving a Mn-depleted layer. Indeed, 
corrosion inhibitors are widely used in industry to control over-pickling 
and corrosion rate [28]. Organic compounds containing heteroatoms 
such as oxygen, sulfur or phosphorus were found to be effective to 
reduce the corrosion rate of metallic materials [29]. Therefore, a process 
to control the dissolution of the oxide scale, and to remove contaminants 
from Fe–Mn–C biodegradable materials without attenuating mechanical 
integrity needs to be developed. The removal of this oxide layer or, at 
least, the control of its characteristics making the surface condition 
reproducible, in order to obtain specific surface properties for 

biomedical application, must be investigated. Thus, this work aimed at 
developing an acid pickling process as pre-treatment for further surface 
modification for Fe–Mn–C biodegradable alloys attaining an effective 
removal of the native oxide layer and a homogeneous chemical 
composition and surface morphology. In the current investigation, 
several pickling parameters, including the acidic solution composition, 
temperature and immersion time were considered and their effect on the 
tested samples evaluated. 

2. Materials and methods 

2.1. Materials 

Hot rolled steel plates in the annealed, quenched and austenitic state 
of Fe–13Mn-1.2C (ISO GX120Mn13) named Hadfield were supplied by 
Polstar Metals Inc. (Canada). Coupons of 10 mm × 10 mm x 1 mm were 
cut for characterization after acid pickling. The nominal chemical 
composition of Fe–13Mn-1.2C alloy is reported in Table 1. 

2.2. Pickling procedure 

Samples were cleaned in two steps: (1) with an industrial non-acid 
blue cleanser (Diversey™, Canada) to remove grease, oils and other 
impurities accumulated on the surface; and (2) with acetone and 
methanol in an ultrasonic bath for 5 min each. After the cleaning, 
samples were rinsed with acetone and then dried with filtered com-
pressed air. The samples were then stored under vacuum until further 
use. Six commercial acidic solutions supplied by Laboratoire MAT 
(Canada) and VWR™ chemicals (USA) were used to pickle the samples 
and are listed in Table 2. Two main parameters, known to strongly 
impact the pickling efficiency, have also been considered: the immersion 
time (t), and the temperature (T). Times from 15 s to 240 s, and bath 
temperatures at 21 ◦C ± 0.4 ◦C and 60 ◦C ± 0.5 ◦C were selected based 
on previous studies [17,18] that observed a high efficiency on the 
removal of the scale due to the increasing of dissolution by increasing 
the time and temperature [30]. The chosen range of temperature was 
settle following the recommendation of the ASTM A380/A380M − 13 
[17] and the exposition time was selected based on the pickling treat-
ment on biodegradable Mg-based alloys [21,31]. 

Samples were immersed in the acidic bath, for the chosen time and at 
the selected temperature, then rinsed with acetone and dried with 
filtered compressed air. Before characterization, they were stocked in a 
desiccator with a vacuum level of 30 Torr at room temperature until 
further use. The complete set of experiments is summarized in Table 2. 
The sample name is based on the treatment condition, meaning acidic 
solution composition, immersion temperature and treatment duration. 
For instance, the sample named 1CRT30 corresponds to an immersion in 
hydrochloric acid, HCl (1C), at room temperature (RT) for 30 s (30). On 
the basis of the set of experiments, only the most relevant data 
evidencing the effect of the studied parameters on mass loss, topog-
raphy, roughness and chemical composition of the surface were pre-
sented. For these reasons, the samples tested at different times (e.g 15 s 
and 240 s) are not listed in Table 2, while their mass loss results appear 
in the following section. The media used in the present work are com-
mercial ACS grade solutions (Lab Mat, Québec, QC Canada) corre-
sponding, in volume, to HCl (36%), HNO3 (67–70%), H3PO4 (85%), 
CH3COOH (99.5%), H2SO4 (96%) and HF (48%). 

Table 1 
Nominal chemical composition of Fe–13Mn-1.2C alloy.  

Element C Mn Si S P Fe 

Composition (wt.%) 1.0–1.3 12–14 0.2–0.4 <0.02 <0.035 bal.  
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2.3. Characterization 

The samples were weighed before and after pickling with a 5-digit 
precision digital balance (Analytical Plus–Ohaus, USA) to evaluate the 
evolution of descaling fraction when increasing time and temperature. 
Five samples per condition were evaluated and their mass loss (WL) was 
calculated according to Eq. (1): 

WL =

(
W0 − Wf

)

S
(1)  

where W0 and Wf are the weights (g) measured before and after pickling, 
respectively, while S is the total area of the samples, considered as ~ 2.2 
cm2. 

Surface topography and roughness were evaluated by using a Dektak 
XT stylus profilometer equipment (Veeco-Bruker, USA) with a 12.5 μm 
diameter stylus and an applied force of 1 mg. Six linear scans, each of 2 
mm, were carried out for each condition wherein the roughness (Ra) was 
calculated by following Eq. (2): 

Ra =
1
l

∫l

0

|y(x)|dx (2)  

where Ra is the measured roughness (μm), l is the measured length 
(mm), and |y(x)| is the deviation of the absolute values of the profile 
heights over the evaluated length (μm). 

Wettability response of the surfaces was determined by static contact 
angle measurements using a camera system (VCA 2500 XE, AST Prod-
ucts Inc., USA), according to ASTM-D749 [32]. The analyses were car-
ried out at 25 ◦C, with 1 μL ultrapure water droplets. The contact angle 
measurements were performed in five different regions per sample for 
each studied condition. 

Topographical changes induced by pickling treatments on Fe–Mn–C 
alloy surface were assessed by the use of a FEI Quanta 250 scanning 
electron microscope (SEM) from Thermo-Fisher (USA). SEM images 
were acquired with an acceleration voltage of 15 kV. The microscope is 
equipped with an energy dispersive X-ray spectrometer (EDS) for 
microanalysis system EDAX AMETEK Material Analysis (USA). The EDS 
analyses were performed at 20 kV to determine the surface chemical 
composition as well as the elemental distribution by map scanning. 

X-ray photoelectron spectroscopy (XPS) measurements were 
assessed by a PHI 5600-ci spectrometer (Physical Electronics, USA). A 
standard aluminum X-ray source (1486.6 eV) was used to record survey 
spectra, while high-resolution spectra of C1s and O1s regions were 
recorded with a Mg Kα X-ray source (E = 1253.6 eV), both without 
charge compensation. Detection was carried out at 45◦ angle with 
respect to the normal surface, and the analyzed area was 0.5 mm2. A 
curve fitting procedure was performed by means of a least-squares 
minimization procedure employing Gaussian–Lorentzian functions, 
followed by the subtraction of a Shirley-type background. The C1s peaks 
were referenced at 285 eV (C–C and C–H). 

All numerical data were analyzed by ANOVA and followed by Tukey 
test for specific comparisons between mean values. Results were 

expressed as (mean value) ± (standard deviation, SD). If probability 
values for a set of data were found to be < 0.05 (p < 0.05), the differ-
ences were considered statistically significant. 

The as-received (AS-REC) condition, also addressed as “cleaned”, 
was studied and characterized with the different techniques aforemen-
tioned in order to evaluate the surfaces properties from different points 
of view. Prior to the cross-section SEM images, samples were mechani-
cally polished with SiC abrasive papers of 180 and 320 grit. Sample 
surfaces were observed without any special treatment: specimens were 
mounted on an aluminum stub and were used to put in evidence the 
features of the oxidized layer. For phase identification, X-Ray diffraction 
(XRD) analyses were performed in a Bruker D8 Advance ECO diffrac-
tometer with Cu-Kα radiation (40 kV of voltage and 25 mA of current) 
with a step size of 0.02◦. MAUD (Material Analysis Using Diffraction, 
http://maud.radiographema.com/) software was used for peak 
identification. 

3. Results 

3.1. Mass loss 

The oxide scale removability was studied by assessing the mass loss 
of the samples after pickling in the six acidic solutions (Table 1). Results 
are presented in the graphs of Fig. 1, where the mass loss (g/cm2) was 
expressed as a function of the temperature. 

The amount of removed scale appeared to be correlated to the 
pickling parameters, as expected. Indeed, the 1C, 4A and 6F samples 
clearly presented a significant variation of the mass loss in function of 
both time and temperature, with a respective maximum mass loss of 
0.089 g/cm2, 0.001 g/cm2 and 0.03 g/cm2 at 60 ◦C for 240 s. The mass 
loss values are mainly associated to the scale removal, but the pickling 
medium may reach the substrate and metal dissolution can take place. 
Strong acidic solutions, such as HCl and HF, are known to rapidly lead to 
steel substrate dissolution compared the other acidic solutions for the 
same time and temperature [23]. Indeed, a graphical representation of 
mass loss in a long-time scale may present a discernible trendline break, 
which can be associated to the difference in the dissolution of the scale 
and the metal [33]. Therefore, this event was clearly observed for all the 
solutions, except for 3P in both temperatures mainly due to the high 
standard deviation calculated for conditions from 15 to 120 s. Briefly, 
the interval observed for each solution was: 1C [100–120 s] for 21 ◦C 
and 60 ◦C, 2 N [100–120 s] for 60 ◦C, 4A [15–30 s] for 21 ◦C and [15–60 
s] for 60 ◦C, 5S after 30 s for 21 ◦C and 15 s for 60 ◦C, and finally 6F 
[100–120 s] for 60 ◦C. Hence, the conditions showing this event 
revealed a beginning of over-pickling by the end of this interval, 
meaning that metallic compounds from the substrate are being removed. 
To support these findings, the chemical composition and the phases of 
the scale was studied by EDS mapping and XRD in order to validate and 
compare if the mass loss found in these intervals corresponded to the 
expected calculated mass loss of the scale. These results are presented in 
the next section (3.2). 

Moreover, in contrast with the results aforementioned, negative 
values indicating a mass increase were observed for 2 N, 3P and 4 A, 
after 15 s of immersion, in agreement with the literature [34,35]. 

3.2. Chemical composition of the scale 

Fig. 2 displays the cross-section morphology, as well as the elemental 
mapping and X-ray diffraction analyses performed for the AS-REC con-
dition. Elemental mapping at the interface between the oxide scale and 
the metallic substrate (Fe–13Mn-1.2C) was performed (Fig. 2) for car-
bon, oxygen, iron and manganese to the same cross-sectional area than 
Fig. 2 a. 

The scale thickness of the various cross-section images varied in the 
range 5 ÷ 100 μm. An oxide layer composed of compact pieces of scale of 
different sizes, featuring voids, cracks and pores was observed (Fig. 1a). 

Table 2 
List of sample names.  

Acid 
solution 

Simplified samples 
name 

Extended samples name 

Temperature 21 ◦C Temperature 60 ◦C 

30 s 60 s 30 s 60 s 

HCl 1C 1CRT30 1CRT60 1C6030 1C6060 
HNO3 2 N 2NRT30 2NRT60 2N6030 2N6060 
H3PO4 3P 3PRT30 3PRT60 3P6030 3P6060 
CH3COOH 4A 4ART30 4ART60 4A6030 4A6060 
H2SO4 5S 5SRT30 5SRT60 5S6030 5S6060 
HF 6F 6FRT30 6FRT60 6F6030 6F6060  
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Cleaned samples presented a spalled surface: this is often observed at the 
interface of oxide layer/substrate after thermal treatment [36]. Fig. 2 b 
shows XRD patterns for the as-received condition. Four phases were 
detected: metallic iron, Mn0.43Fe2.57O4, (FeO)0⋅664(MnO)0.336 and Fe2O3, 
hematite. With these findings, it was possible to calculate the theoretical 
density, the mass and the volume of the oxide layer, that means ρoxi =

5.94 g/cm3, moxi = 0.006 g and voxi = 1% of the total volume, respec-
tively. The volume and the mass values found for the oxide layer were 
used to compared the mass loss observed for different conditions pre-
sented in the previous section. 

From EDS mapping, Fig. 2(c–f), the percentage of each element was 
detected as O (24%), C (44%), Fe (30%) and Mn (2%). A noticeable Mn- 
depletion was observed in Fig. 2 f. An interesting observation is that Mn- 
depletion zones are similar to Cr depletion ones found at the interface of 
oxides and stainless steels substrates, which could affect the descaling 
process and the corrosion resistance of the alloy [37,38]. A lower Mn 
amount at the interface between the oxide and the bulk material was 
already reported [39–41], as well as the kinetics of internal oxidation of 

Mn-steel alloys [42]. Manganese depletion causes phase transformation 
from austenite to ferrite, as a function of the amount of atmospheric 
oxygen and the temperature [43]. Oxygen and manganese diffuse faster 
in ferrite than in austenite, increasing the precipitation of MnO [42]. 
Indeed, the presence of the manganese oxide is supported by XRD 
analyses. 

3.3. Surface topography and roughness 

The surface topography and roughness analyses were carried out for 
samples immersed in acidic solutions for 30 s and 60 s, at 21 ◦C and 
60 ◦C. These conditions were chosen in function of previous results that 
showed the beginning of the intervals of dissolutions for no longer than 
100 s, thereby indicating the possibility of over-pickling on the surface 
from that time. 

Surface topography and roughness (Ra) were assessed by stylus 
profilometry to evaluate the smoothness and homogeneity of the acid 
pickling conditions. Six measurements were performed on random areas 

Fig. 1. Mass loss (g/cm2) of samples after acid pickling in six different acidic solutions at 21 ◦C and 60 ◦C, as a function of time.  
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on one sample for each condition, in order to assess the surface topog-
raphy after pickling. The results were depicted in Fig. 3, displaying the 
roughness variation according to the temperature and pickling time for 
each used medium. At first, cleaned surface samples were characterized 
in order to compare the subsequent treatments with the initial condition, 
the roughness value Ra = 1.08 ± 0.20 μm was found. At 21 ◦C (RT 
condition) no significant differences in term of roughness were observed 
for all the used media for 30 s of immersion. However, increasing the 
time to 60 s had an impact on the roughness. For this immersion dura-
tion, there was a significant difference between the 1CRT60 and 5SRT60 
conditions with roughness values of 1.15 ± 0.20 μm and 0.77 ± 0.18 μm, 
respectively. Regarding the effect of treatment time, when pickling was 
performed at 21 ◦C, significant variations of roughness were noticed for 
6FRT30 (1.33 ± 0.45 μm), 3PRT60 (0.78 ± 0.10 μm), 5SRT60 (0.77 ±
0.18 μm) conditions. The low roughness observed for 3P samples at 
room temperature was not expected, since at temperatures higher than 
40 ◦C, phosphate-rich solutions are in general known to promote 
phosphatization reactions instead of removing the oxide layer [44,45]. A 
high reactivity of phosphoric solutions for native oxide removal has 
been demonstrated to occur in temperature ranges varying between 20 
and 50 ◦C [46]. However, the Tukey test used herein did not exhibit any 
significant variation in roughness values between samples when treated 

at 21 ◦C or at 60 ◦C. Furthermore, no significant difference was found for 
all conditions when pickling immersion was performed at 60 ◦C. 

3.4. Wettability behavior 

Morphology, roughness, chemical composition and surface charges 
may lead to changes in surface tension, normally represented by surface 
wettability. Fig. 4 exhibits the contact angle (CA) values assessed for 
samples after the pickling treatment. 

In particular, AS-REC samples exhibited a moderately hydrophilic 
behavior (59◦ ± 11◦), which was also found for other conditions, for 
example 4A both at 21 ◦C and 60 ◦C after 60 s (4ART60: 71◦ ± 6◦; 
4A6060: 65◦ ± 11◦) and for 5S for 30 and 60 s at 60 ◦C (5S6030: 33◦ ±

7◦; 5S6060: 64◦ ± 10◦). In particular, for 5S, at 60 ◦C after 30 s expo-
sition the most hydrophilic response among all conditions was observed. 
From Fig. 4 and for statistical analyses followed by Tukey test, contact 
angle measurements, at 21 ◦C, exhibited significant differences among 
all conditions. 4A and 5S samples displayed opposite trends with time 
passing from 30 s to 60 s: an increase of hydrophilic behavior for the 
acetic solution (80◦–61◦, in this order), while the sulfuric solution 
exhibited a higher contact angle value (80◦–131◦) showing a highly 
hydrophobic character. 

Fig. 2. (a) Cross-section of an untreated sample (b) XRD patterns of the scale surface and mapping of cross-section represented in (a), showing the amount of (c) 
oxygen, (d) carbon, (e) iron and (f) manganese. 
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At 60 ◦C, the immersion time has no influence on wettability for 1C, 
4A and 6F samples. Pickled samples in H3PO4 medium show the same 
behavior as observed for 21 ◦C. However, in H2SO4 after 30 s (5S6030 
condition), surfaces presented the lowest contact angle (32◦ ± 7◦) and, 
compared to samples treated in CH3COOH for 60 s, both exhibited sta-
tistically the same contact angle values, 64◦ ± 10◦ (5S6030) and 68◦ ±

9◦ (4A6060), respectively. At 60 ◦C, 4A and 5S samples showed statis-
tically the same behavior as the cleaned one. 

In fact, one of the reasons for an oxidized surface exhibiting high 
surface energy, i.e. a low contact angle, is due to the presence of polar 
groups with oxygen-containing moieties such as hydroxyl (-OH) and 
carboxyl (-COOH) groups [47], which is also observed for surfaces 
cleaned with organic solvents, such as acetone and methanol [48]. 
However, surfaces after pickling processes mainly exhibited a hydro-
phobic behavior (90◦< CA < 150◦), sometimes approaching a super 
hydrophobic behavior (CA>150◦). In literature, pickling has been 
generally shown to decrease the contact angle of metallic surfaces [49]. 
Examples included the study performed by Liu et al. that investigated an 
acid pickling pre-treatment of AISI 304 steel immersed in a solution of 
15.3% HNO3 + 2% HF + 82.7% H2O (w %). In this work, samples 
without any treatment exhibited a contact angle of 79◦; after acid 
pickling, a decrease was noticed and a contact angle of 65◦ was found. 
Nevertheless, in a recent study aiming to create a super-hydrophobic 
surface, an acid pickling procedure with phosphoric acidic solution at 

55 ◦C for 2 min was applied to AISI 304 austenitic steel. After the 
pickling treatment, a contact angle of 98◦ ± 9◦ and a roughness (Ra) of 
6.1 μm were obtained [50]. The hydrophobic behavior could be 
explained by Cassie-Baxter theory, which shows that a hydrophobic 
surface behavior is caused by the chemically and morphologically het-
erogeneity [51]. For some conditions studied in the present work, the 
high variation of roughness observed (Fig. 3) may influence their higher 
contact angles measured (e.g, 6FRT30 condition, CA = 137◦ ± 2◦ and a 
Ra = 1.33 ± 0.45 μm). 

3.5. Surface morphology after acid pickling 

SEM images reported in Fig. 5 show the main features of the treated 
sample surfaces. After almost all the pickling conditions, cavities and 
porous structures were observed. These features could be attributed to 
some residuals of the previous oxide layer (see for example Fig. 5 b.3); 
other precipitation structures could also form due to the reaction of the 
substrate alloy (for example in the case of Fig. 5 b.5, b.7, c.1) with the 
used medium. The presence of various particles was found and attrib-
uted to adventitious contaminations (Fig. 5 d.1 and d.3). While assessing 
the surface morphology of Fig. 5 a.1, a.7, b. 3, b.7, it was evident that not 
all the conditions resulted in a scale removal process providing a final 
homogeneous topography. For example, the microscope survey of a 
2N6030 sample (Fig. 5 b.6) showed the presence of zones more severely 

Fig. 3. Roughness measurement for samples after acid pickling at (a) 21 ◦C 
(RT) and (b) at 60 ◦C considering 30 and 60 s as immersion times. * Indicates 
there is a significant difference (p = 0.05) among the samples. 

Fig. 4. The contact angle values of samples surface after acid pickling treat-
ments at (a) 21 ◦C and (b) 60 ◦C, respectively, considering 30 s and 60 s as 
immersion times. 
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Fig. 5. Morphology and highlighted features of SEM pictures for pickling at 21 ◦C and 60 ◦C, varying with 30s and 60s time conditions in immersion at (a) HCl, (b) 
HNO3, (c) H3PO4, (d) CH3COOH, (e) H2SO4, (f) HF. 

Fig. 6. XPS survey for (a) 1CRT and 1C60; (b) 2NRT and 2N60; (c) 3PRT and 3P60; (d) 4ART and 4A60; (e) 5SRT and 5S60; and (f) 6FRT and 6F60 after 60 s of 
immersion. The inlets show the amount of Mn, Cl, N, P, S and F, where needed, to describe the low amounts main elements found on the sample surfaces. 
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etched than others, resulting in plateaus and depressions. Nevertheless, 
the surface morphology after an exposition time of 60 s (2N6060) pre-
sents a more uniform featured surface. Some etching produced a more 
homogeneous and finer features than others, e.g. HF (Fig. 5 e.3-4 and 
f.1-2). No preferential etching patterns were observed, along the grain 
boundaries, or corresponding to other substrate features. 

Fig. 5 a.8 evidenced the presence of a well-developed cellular 
morphology in the middle of the analyzed area of 1C6060 condition. Li 
et al. [23] described how the formation of these cells, often in the range 
of a few micrometers, began to appear at the start of pickling in HCl of a 
system composed of Fe/Fe2O3/FeO/Fe3O4 affects the corrosion poten-
tial and the morphology. This specific morphology, also found by other 
authors in literature, confirmed the dissolution mechanism of the 
discontinuous oxide layer in several acidic media [52]. 

3.6. Surface chemical characterization 

3.6.1. XPS - surveys 
XPS surveys were carried out for samples immersed in acidic solu-

tions for 60 s, at 21 ◦C and 60 ◦C. These conditions were chosen in 
function of previous results that presented significant differences 
regarding the temperature influence such as mass loss and wettability. 
Furthermore, roughness evaluation showed significant influence for 60 s 
of pickling conditions. From XPS survey of AS-REC samples, C, O, Fe and 
Mn were found on the surface, with the following amounts: 47.2 ± 6.4 
at. %, 42.6 ± 7.3 at. %, 6.4 ± 1.5 at. % and 2.8 ± 0.4 at. %, respectively. 
The surface composition of material can be different from that of the 
bulk material, due to the presence of surface species formed by in-
teractions with the environment (oxides, hydroxides, adventitious car-
bon, etc.) [53]. 

Fe–13Mn-1.2C is in fact composed of Mn in the range of 11–14 wt % 
and C in the range 1.1–1.4 wt %. For calculation purposes, the nominal 
composition of the alloy was considered; the presence of impurities in 
the steel (Si, P, S, Cr, Ni, Cu, Mo, V, Ti and Al) was neglected. This hy-
pothesis was consistent with the experimental measurements. The range 
of the considered Mn amount (wt. %) was between Mnmin = 10.7 at. % 
and Mnmax = 13.5 at. %. In particular, Mnmin corresponds to the mini-
mum possible amount of Mn, with a maximum amount of Fe, while 
Mnmax is related to maximum amount of Mn, with a minimum amount of 
Fe. Then, the first ratio for the bulk alloy Femax/Mnmin is 8:1, while the 
second one, Femin/Mnmax, is 6:1. The mentioned ratios provide a range 
of reference for chemical compositions, typical of the material “bulk”, 
which can be compared to the treated samples. 

For 1CRT and 1C60 samples, the amount of O ≈ 55 at. % and C ≈ 30 
at. % did not vary in any relevant way (Fig. 6). A slight increase in 
carbon was found for 1C60. The atomic ratio between Fe and Mn was 9:1 
for 1CRT and 10:1 for 1C60, showing a surface enrichment of Fe, 
especially for the higher temperature condition. The decrease of Mn 
could be attributed to the scale removal and to the presence of the Mn- 
depleted layer normally found in this steel substrate [38], as mentioned 
above. 

In certain cases, residual elements from the acidic solution were 
detected for the different investigated media: this was the case for 
example for fluorine from HF, sulfur from H2SO4, and phosphorus from 
H3PO4. The anions of each considered acid can form the corresponding 
salts on the surface of the studied alloy. Moreover, other elements in the 
form of impurities, such as N, S, P, F and Cl, were also detected. Their 
presence was attributed to the remaining scale on the steel surface, 
which is not only formed by mixed oxides, but also by compounds 
formed during the manipulation process (green rust, etc.) 

For 2 N samples, the amounts of C (~55 at. %) and O (~30 at. %) did 
not change for treatments performed at 21 ◦C or 60 ◦C. Fe/Mn ratios 
were respectively 8:1 for 2NRT and 7:1 for 2N60, showing a high 
amount of Fe, closer to the higher limit for the bulk material. 3P sample 
surface showed ~14 at. % of P (when pickled at 21 ◦C while ~4.2 at. % 
for T = 60 ◦C). This higher percentage of P for RT samples (~14 at. %) 

was associated to the high amount of O (~70 at. %), and it could be 
related to the phosphate formation [54]. On the contrary, for P60 
samples, O and P lower amounts (respectively, 60 and 4 at. %), and C 
higher percentage (25 at. %) were related to a lower formation of surface 
phosphates [54]. Fe/Mn was 4:1 for RT and 10:1 for T = 60 ◦C. 

Even if different temperatures were used in the process, the use of 
CH3COOH did not change the amounts of C, O, Fe and Mn in a relevant 
way, as they were respectively 35, 55, 6.5 and 2.0 at. %. More precisely, 
Fe/Mn ratio was in the range 4:1 (4ART) to 3:1 (4A60). 

The presence of S was also detected for 5SRT: in particular, an 
amount of S of ~11 at. % was found. For this condition, the O amount 
was equal to 65 at. %, while C amount was 16 at. %. They increased 
respectively to 71 and to 20 at. % for 5S60. However, no significant 
amount of S was detected for 5S60, even if the Fe/Mn ratio was similar 
and equal to ~4:1 for both the investigated temperatures. For what 
concerns the pickling with HF, up to 15 at. % of F was detected for 6FRT, 
while it decreased to 12 at. % for 6F60. Surface C amount decreased with 
temperature from 34 to 26 at. %, whereas O increased from 37 to 48 at. 
%. Fe/Mn ratio was 5:1 for 6FRT and 2:1 for 6F60. 

3.6.2. XPS high-resolution analyses 
As already stated in the Materials and methods section, all the con-

ditions were analyzed for the temperatures of 21 ◦C and 60 ◦C, each one 
for a duration of 60 s. For all the pickling conditions, all the C1s spectra 
showed a very deconvolution, even though slight differences were 
noticed. Indeed, they exhibited three main peaks, named for sake clarity 
as C1, C2 and C3 evidenced in Table 3. C1 was attributed to the presence 
of adventitious carbon, bound to carbon or hydrogen, that is C–C or C–H. 
C2 was attributed to the presence of C–O/N species, while C3 to the 
formation of R-O-C––O bounds [55,56]. However, their respective 
contributions changed depending on the initial acidic solution temper-
ature as shown in Table 3. Indeed, at room temperature, C1 contribution 
varied from 65 to 75%, C2 from 10 to 15%, and C3 from 15 to 25%, 
whereas at 60 ◦C, their respective contributions ranged respectively 
from 45 to 70%, 15–35% and 10–20%. The acetic acid C1s HR spectrum 
was of particular interest, as it exhibited a high amount of C–O and C––O 
contributions, reaching 39 and 16%, respectively, with the lowest 
amount of C–C/C–H contribution (45%). This observation could 
possibly be associated to carbonyl from acetic acid reacting with the 
metallic surface. 

The O1s high-resolution spectra (Fig. 7) of the different pickling 
conditions (1C, 4A and 6F) could be mainly deconvoluted in three en-
ergy bands, namely as O1, O2 and O3. These peaks correspond to the 
presence of oxygen as oxide (Me–O, O1), hydroxide (OH, O2) or physio- 
absorbed water (H2O, O3) [57]. However, some shifts in their respective 
binding energy as well as in their relative percentage were observed 
(Table 3): for instance, O1 contribution ranged from 59 to 2%, O2 from 
71 to 30%, and O3 from 24 to 9%. Even though these three bands were 
still present in 3P samples, for room temperature, an additional peak, 
O4, was found. This O4 band at 534.1 eV representing 6%, was normally 
attributed to adsorbed water [58]. This band was not detectable when 
the acidic pickling was performed in H3PO4 at 60 ◦C. Furthermore, the 
respective contributions of the other characteristic bands differed 
depending on the working temperature: from room temperature to 
60 ◦C, O1 contribution increased from 2.4 to 39.4%, whereas O2 and O3 
decreased from 67.1 to 53.2% and from 24.1 to 7.4%, respectively. Of 
particular interest, the high contribution of O2, 67.1% at room tem-
perature, correlated to the 14 at. % of P detected in XPS survey spectra, 
is explained by the fact that this contribution may is not only due to 
Me–O–H, as stated previously, but also to the presence of Me–O–P 
groups [59], associated to phosphate formation on the metallic surface. 

For the treatments at 60 ◦C, the O1 exhibited a contribution from 52 
to 34%, O2 from 53 to 31%, O3 36 to 6% without any specific effect due 
to whatever the used acidic solution. However, as for P3RT samples, a 
fourth band, O4 peak, was also detected for 2N60 and 5S60 varying from 
8 to 9%. These two conditions also showed the highest O3 values 
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associated with hydrated metal oxides [60]. 

4. Discussion 

Although degradable metallic materials are designed to dissolve 
within time, the surface properties are of outmost importance to regu-
late the corrosion and host response of this initial interface between the 
medical implant and biological environment [14,15,61–67]. Natural 
and induced oxide layers have been show to increase the surface 
corrosion resistance and enhance cell compatibility [68,69]. However, 
scales formed during manufacturing process leads to an uncertain and 
heterogeneous thick oxide layer with cracks, spallation, porosity and 
inclusions [70–73]. Removing this manufactured scale and producing a 
homogeneous oxide layer and controllable surface properties, can be 
crucial to successful subsequent treatments. 

The mechanism of oxide layer removal by acid pickling has been 
widely investigated for some steel systems [16,18,74]. The main action 

is the attack of the acid solution of the underlying metal. A large amount 
of hydrogen can be produced from the dissociation of the acidic solution 
in contact with elements at the oxide-metal interface and from the re-
action itself between the acid and the metallic elements, thus forming 
molecules in imperfect regions (vacancies, inclusions). Nevertheless, 
two stages can be observed: the dissolution of the oxide layer, and un-
derlying metal, and its subsequent removal [52]. 

The character of pickled steel surfaces was described based on mass 
loss, surface morphologies, cross sectional study, and electrochemical 
analyses for each acidic solution studied in this work. 

4.1. Scale characteristics 

Scale in oxidized stainless and carbon steels are assessed in literature: 
crystalline and classical-three layer could be present [10,75]. Crystalline 
scale is formed during initial oxidation, while three-layer scale is formed 
at high temperatures on iron-based substrates. In general, for C steels, 

Table 3 
Percentage of area for C1s peaks (C1, C2, C3) and O1s peaks (O1, O2, O3), binding energy (eV) and corresponding chemical groups.  

Samples % of area (C1s peaks) % of area (O1s peaks) 

C1 peak C2 peak C3 peak O1 peak O2 peak O3 peak O4 peak 

285.0 eV 286.5 eV 288.5 eV 529.9–530.8 eV 531.7–532.3 eV 533.0–533.7 eV 534.1–534.8 eV 

C–C/C–H C–O/C–N C═O-(O-R) Me–O Hydroxide/C––O H2O/O–C  

AS-REC 55.4 34.7 7.6 46.7 46.0 7.3 – 
1CRT 68.7 13.4 17.9 56.8 30.1 13.0 – 
1C60 58.0 21.8 20.2 51.9 42.0 6.1 – 
2NRT 49.3 37.7 13.0 58.8 32.0 9.3 – 
2N60 60.3 21.4 18.4 39.4 30.2 21.9 8.5 
3PRT 69.7 24.1 18.4 2.4 67.1 24.1 6.4 
3P60 65.2 11.9 22.8 39.4 53.2 7.4 – 
4ART 71.8 11.7 16.5 41.7 44.5 13.8 – 
4A60 44.7 39.1 16.2 51.5 34.3 14.2 – 
5SRT 68.5 19.7 11.7 6.2 71.2 22.6 – 
5S60 53.9 33.6 12.4 34.4 20.6 36.1 8.9 
6FRT 53.3 31.2 15.4 34.3 56.0 9.8 – 
6F60 64.4 19.5 16.1 38.9 41.1 20.0 –  

Fig. 7. XPS high-resolution O1s spectra of (a) 1CRT60, (b) 3PRT60, (c) 2N6060 and (d) 5S6060 conditions after acid pickling.  
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the innermost layer is formed by wüstite (FeO), an intermediate layer by 
magnetite (Fe3O4) and the outmost layer is hematite (Fe2O3). The two 
layers differ by the thickness and the morphology of their scale. A 
thicker external layer reduces the diffusion of iron, changing the 
rate-controlling mechanism for the gas/scale interface. Hu et al. [76] 
investigated the oxide scale growth on high carbon steel (>0.7 wt% C) at 
high temperatures. It was found that the formed oxide was mainly 
composed by wüstite and magnetite. Even if the Fe–O equilibrium dia-
gram is expected to form a classical three-layer structure at high tem-
perature, only a low fraction of hematite was detected by laser Raman 
spectroscopy (LRS) measurements. In the present work, chemical 
composition of metallic oxides differs from those expected, mainly due 
to the addition of manganese. For instance, three oxides were observed 
in the scale composition by XRD: Mn0.43Fe2.57O4, (FeO)0⋅664(MnO)0.336 
and Fe2O3. No subdivision among the oxides was observed for the 
cross-sectional areas analyzed by SEM and EDS mapping as mentioned 
above (Fig. 2). 

4.2. Pickling mechanisms: effect on surface properties 

4.2.1. Hydrochloric acid 
Oxide scale dissolution and removal from a carbon steel matrix 

showed preferential dissolution of wüstite which is easily dissolved by 
HCl compared to Fe3O4 and Fe2O3 Yamaguchi et al. [74] observed that 
the acid solution dissolves selectively the wüstite portion before 
achieving the substrate surface. Once a critical crack density is reached, 
the oxide layer thickness collapses. Therein, two stages could be 
observed: the formation of cracks in the layer and the following ablation 
as a consequence of the chemical etching of the substrate [18]. HCl 
shows the lowest pKa for the series of acids used in this work (− 5.9 to 
− 5.1 from 25 ◦C to 50 ◦C) [77]. This is an indicator of the hydrogen 
production during pickling in chloride solution reacting with metal 
species (Me), i.e. iron or manganese, according to Eq. (3). 

x.Me+ y.HCl ​ →MexCly +
1
2

y.H2(g) (3) 

Regarding the low content of Mn found on the surface for the AS-REC 
condition (2.8 at.%), the chemical reaction demonstrated in Equation 
(3) is favored for iron species. From the chemical reactions between iron 
oxides and hydrochloric acid, metallic chloride (FeCl2) may form [78]. 
The reaction favoring the formation of this salt must be controlled, to 
reduce the chemical etching against the base metal and then to avoid an 
uncontrolled mass loss that could lead to a high-roughness surface [78]. 

In the present study, time and temperature considerably affected the 
mass loss of 1C samples, reaching a maximum value when pickled at 
60 ◦C for 240 s. A discontinuity on the trendline of mass loss (Fig. 1) was 
observed for a range of 100–120 s for 1C conditions at 21 ◦C and 60 ◦C. 
This interval indicates the removal of the oxide layer and the beginning 
of over-pickling. Considering the mass loss of 1C samples, when 
compared to the calculated mass of the scale (moxi = 0.006 g), only those 
pickled longer than 240s at 21 ◦C are greater than or equal to these 
values (0.009 g). In opposite, when the same condition is compared to 
the calculated volume occupied by the scale (voxi = 1%), a lower volume 
percentage was found, 0.67%. These findings indicate a lack in the 
attempt to properly calculate the degree of pickling without considering 
surface defects such as porosity and their consequent heterogeneous 
dissolution. Moreover, during the process of pickling morphology, 
roughness and products produced on the surface contributes to the de-
gree of pickling. 

Changes in the surface morphology are shown in Fig. 5 a.1-7, 
exhibiting cavities with micro cellular aspects that came from the 
metal/acid/metal dissolution. Some pitting spots could also be 
observed, indicating an over-pickling of the base material after 60 s. 
Roughness is shown to mainly vary with time and increase from 0.93 to 
1.15 μm by increasing the temperature. However, contact angle 
exhibited a proportional variation (~20%), decreasing its 

hydrophobicity. From XPS spectra, 1CRT and 1C60 conditions main-
tained the same oxygen content with increasing temperature. The high- 
resolution O1s spectra exhibited mainly three peaks, located at 530.6 
eV, 533.3 eV and 534.1 eV as can be seen on Table 3. The first corre-
sponds to metal oxide species, probably oxides from the scale as 
Mn0.43Fe2.57O4, (FeO)0⋅664(MnO)0.336 and Fe2O3. The second peak refers 
to species such as Me(OH)2 and also MeOOH, such as goethite, where Me 
corresponds to a metallic element, for example Fe or Mn. The higher 
binding energy was attributed to adsorbed H2O [79]. The presence of 
O2− , OH− and H2O are also commonly observed after pickling treat-
ment. In particular, passing from 21 ◦C to 60 ◦C, more hydroxide 
contribution is observed and rather less water adsorption contribution. 
Moreover, higher contribution of metal oxide species was observed after 
acid pickling. In fact, the amount of oxygen detected by XPS analyses 
was significantly higher for 1C samples, tested at both 21 and 60 ◦C, 
comparing to that detected for AS-REC samples. However, from the 
Fe/Mn atomic ratio, a surface enrichment of Fe was observed, especially 
for the higher temperature condition, 60 ◦C. The decrease of Mn could 
be attributed to the scale removal and to the presence of the 
Mn-depleted layer depicted in Fig. 2 f. These findings corroborate that 
the different dissolution rates were observed for the mass loss range 
between 100 and 120 s (Fig. 1 a), indicating then, the beginning of 
probably over-pickling of the substrate. Increasing the time of treatment 
up to 60 s allowed the removal of the native oxide layer. The difference 
in mass loss for 1CRT60 and 1C6060 may be attributed to the pickling of 
the Mn-depleted layer, since this latter condition presented less man-
ganese amount. 

4.2.2. Nitric acid 
Nitric solutions are effective in removing metallic contaminations, 

but not efficient enough to remove scale or heavy deposits of corrosion 
products [17,30]. Normally, HNO3 is used in a second pickling treat-
ment, sometimes named as final pickling, where it acts as an agent to 
promote passivation and the dissolution of oxides remaining on the 
surface of metallic materials after a first pickling with an acidic solution 
[17]. The production of nitrates and nitrous gas is the main disadvantage 
related to the use of this acidic solution [30]. Moreover, the use of nitric 
solution may induce intergranular corrosion and over-pickling, which 
can affect the quality of the surface finish [80]. 

When reacting with iron or manganese, a viscous layer is formed, 
then NO−

3 combines with the oxide present in the scale and produce NO 
and water according to Eq. (4). 

Me+ x.HNO3→ ​ Me(NO3)x +
1
2

x.H2 (4) 

The pKa constant for HNO3 solutions does not highly oscillate with 
the temperature. Its value is ~ − 1.3 from 25 ◦C to 50 ◦C [81]. Moreover, 
by increasing the temperature, the viscosity of the solution decreases, 
also reducing the diffusion and the degree of the dissociation. As a result, 
the mechanism of interaction with the metallic substrate may be 
modified [12]. According to equation (4), nitrate formation is governed 
by dissociation of nitric acid and reaction of NO−

3 with the substrate. 
However, another reaction route foresees an adsorption process mech-
anism where hydroxyl groups react with HNO3 and form adsorbed ni-
trate and water [82]. This transition mechanism was evidenced by XPS 
high-resolution O1s spectra. At 21 ◦C, 2 N samples exhibited a higher 
oxide and hydroxide contribution compared to the samples tested in the 
same solution at 60 ◦C. Besides, an increase of hydrated metal oxide 
contribution corresponding to O3 ~ 533 eV peak was found, as well as 
an emerging fourth peak at 534 eV, from water adsorption, was detected 
at 60 ◦C compared to 21 ◦C. These observations lead to the conclusion 
that the temperature influenced the mechanism of nitrate formation by 
dissociation of nitric acid at 21 ◦C and hydroxyl reaction at 60 ◦C. In fact, 
2NRT samples presented a higher amount of nitrogen compared to 2N60 
which is in accordance with the previously discussed mechanism. Af-
terwards, an amount of 58.8% for the oxide peak at 530 eV was found on 
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2NRT samples, whereas only 39.4% was detected for 2N60 samples. It 
may be due to a favorable thermodynamic process promoting the nitrate 
reaction with Me2O3 (i.e hematite) present on the substrate. Even if 
Fe/Mn ratio for 2NRT condition was the same as that this one calculated 
for the bulk composition of the substrate (8:1), this phenomenon had no 
impact on the mass loss (Fig. 1 b) or on the roughness where no sig-
nificant differences (Fig. 3) were noticed with increasing temperature. 
In addition, no impact on wettability was observed by increasing the 
time at 21 ◦C (Fig. 4). 

4.2.3. Phosphoric acid 
In general, phosphoric acid is not commonly used to pickle metallic 

surfaces due to its small content of free protons in an acidic bath [83]. 
Furthermore, this acid is known to be less effective than the other 
traditional acid solutions used for pickling processes and is generally 
employed as a complementary acid in sulfuric and hydrochloric solu-
tions [45]. Heating acid solutions may reduce viscosity and increase the 
activity by turning the ions more mobile, and then increasing the pick-
ling efficiency [84]. H3PO4 presents a pKa of 2.2 at 25 ◦C increasing to 
2.3 at 60 ◦C [81]. However, a complex dilution may form different ions 
(e.g, H2PO−

4 , HPO2−
4 , PO3−

4 ) and react with the substrate according to 
Eq. (5) 

x.Me+ y.H3PO4→Mex(PO4)y +
3
2

y.H2 (5) 

From Eq. (5), phosphoric acid is prone to react in aqueous solutions; 
however the mechanism related to polyphosphates-stainless steel and 
polyphosphate-carbon steel interaction is still partially unclear, in spite 
of the fact that has only recently been studied [44,54]. Three main 
phenomena are assumed: a) polyphosphates are formed in the solution 
and then adsorbed on the steel surface, b) a polymerization takes place 
at the solution-substrate interface or c) both situations take place. In the 
present work, no significant mass loss was observed with varying tem-
perature and time, even though the same temperature ranges from other 
studies confirmed a noticeable increase in mass loss [46,85] with 
increasing temperature. The immersing exposition in this study (30 
s–60 s) seemed to be insufficient to intensify this phenomenon. SEM 
images (Fig. 5 c.1) showed the presence of white regions that may be 
related to polyphosphatization of the surface. The O1s spectra displayed 
in this study displayed a peak at 531.7 eV that is assigned to 
hydroxyl-metal compounds, but it overlaps to bands corresponding to 
P––O, P–O- and PO4 contributions. Regarding the P contribution 
deduced from XPS survey spectra, at 21 ◦C, a high amount of phos-
phorous (14 at. %) was detected compared to 60 ◦C (4.2 at. %), which 
evidenced that the mechanism of phosphatization is hindered at higher 
temperatures. This hypothesis is corroborated by the low metallic 
contribution detected by XPS survey for room temperature conditions: 
the ratio between Fe/Mn for 3PRT60 sample was 4:1, while for 3P6060, 
10:1. Also, the metallic oxides contribution found in O1s high resolu-
tions spectra (Table 3) and corresponding to the peak at 530 eV 
increased drastically from 2.4% at room temperature to 39.4% at 60 ◦C 
for 3P6060. Therewith, all this evidence suggests that at 21 ◦C phos-
phates induced a preferential polymerization at the interface of sub-
strate-H3PO4 due to the elevated viscosity of the solution, which 
enhances the substrate dissolution. Otherwise, phosphate adsorption 
may take place from the interaction with hydrogen bonds. This mech-
anism is favored by the presence of hydroxyl groups. This was true 
especially for 3PRT condition, as suggested by Liascukiene et al. [54]. 
Conversely, by increasing the temperature, a less viscous acidic solution 
with a higher pKa is formed. This could promote the increased dissolu-
tion of phosphates in solution or decrease proportionally the mechanism 
at interface. These findings were supported by the Fe/Mn ratio that 
drastically decreased for 3PRT60 (4:1) compared to the ratio of the bulk 
material. Moreover, the increase of Fe/Mn ratio observed for 3P6060 
(10:1) is not an evidence of scale removal due to the amount of iron (8.5 
± 1.4 at.%) detected by XPS survey analyses, which was statistically the 

same for the AS-REC condition (6.4 ± 1.5 at.%). 

4.2.4. Acetic acid 
Acetic acid solutions are widely studied because of their presence in 

the oil and gas industry [86] They are also known to simulate reactions 
with metallic substrates for food industry [87] uses. It is considered a 
weak acid which is only partially dissolved in aqueous solutions (pKa 2.1 
to 2.3 for 25 ◦C and 60 ◦C) [88]. Recent studies investigated the 
corrosion mechanism of mild steel in the presence of acetic acid [89,90]. 
They suggested that acetic acid does not generate a significant amount of 
electroactive species, while it mainly increases the mass transfer limit of 
hydrogen gas formation. Only in specific conditions, e.g. at high tem-
peratures, acetic acid exhibited a high corrosion rate by buffering the H+

concentration at the metallic surface [89]; furthermore, it was observed 
that the electrochemical behavior of austenitic steels exposed to acetic 
acid is mainly dependent on metallic acetates produced from the 
complexation of acetate ions [91] which allow the dissociation of this 
solution as shown in Eq. (6): 

x.Me+ y.CH3CO2H ​ →Mex(CH3CO2)y +
1
2

y.H2(g) (6) 

Although the low mass loss observed for acetic acid pickled samples 
increasing the temperature the (Fig. 1d). Surface roughness did not 
present a statistical difference among the investigated conditions 
(Fig. 2). The pickling process performed in acetic acid solution exhibited 
less hydrophobic behavior related to the immersion time and tempera-
ture (Fig. 4). The surface composition assessed by XPS is also similar at 
21 ◦C or at 60 ◦C for 60 s of immersion. However, from XPS high reso-
lution of C1s, adsorption of acetic acid was detected [92,93] at higher 
temperature. Indeed, the C peak at 286.5 eV assigned for the presence of 
carbon from C–O reached 39% for 4A60 whereas its contribution was 
only 12% at room temperature (ART60). Also, it should be mentioned 
that the presence of carboxylates with binding energy between 289.3 
and 290.1 eV [94] was not detected for both temperatures, as it could be 
expected. Indeed, the acetic acid pickling mechanism is described as an 
adsorption of acetic acid on metallic oxides inducing the breaking of 
Me–OH bond and the formation of acetate species. Also, a recent study 
mentions that, due to the higher dissociation of acetic acid at high 
temperatures, the formation of enolate species could be induced and 
detected at 286.5 eV [92]. In our case, the formation of acetate or 
enolate groups on the surface is unclear, since none of them were evi-
denced in high-resolution spectra of C1s. Regarding O1s high-resolution, 
once again, the O peak attributed to acetate was not detected (~532.4 
eV), which suggests that no acetate is formed in the mentioned condi-
tions. Moreover, the Fe/Mn ratio calculated for 4ART and 4A60 were 
much lower than that found for the bulk of the material which evidences 
the change in the chemical composition on the surface, creating a bar-
rier, therefore, obstructing the possibility of the scale removal. 

4.2.5. Sulfuric acid 
H2SO4 is widely used as pickling liquor for carbon steel since it is a 

cheap acid and presents an efficient pickling behavior [18,95]. The 
mechanism of oxide scale removal is well known and the main reaction 
with the metal is given below, Eq. (7): 

x.Me+ y.H2SO4→ ​ Mex(SO4)y + y.H2(g) (7) 

As it can be seen, sulfuric acid forms ferrous sulfate, sulfide, water 
and hydrogen gas with the base metal [18]. The concentration and the 
bath temperature of a sulfuric acid solution were widely studied and 
summarized in the ASM metals handbook [18]. Increasing temperature 
and time improves the dissolution of the steel due to its enhanced 
reactivity with the surface [95]. H2SO4 presents a pKa of ~2 at 21 ◦C and 
~2.3 at 60 ◦C [81]. Indeed, the mechanism presented for H2SO4 disso-
lution is dependent of temperature, agitation and concentration [96]. 
From electrochemical characterization, it was evidenced that the 
corrosion is essentially controlled by surface reactions. One 

L.M. de Andrade et al.                                                                                                                                                                                                                         



Bioactive Materials 11 (2022) 166–180

177

disadvantage of sulfuric acid solution is the pitting formation. The 
pitting probability is a function of the thickness of the oxide layer which 
may promote concentrate hydrogen formation in the base material 
without total removal of the oxide scale [30]. 

In the present study, neither the variation of time, nor temperature 
showed to affect the weight loss of the 5S samples. Only a discontinuity 
in the trendline of mass loss (Fig. 1 e) was observed for a range of 15–30s 
at 21 ◦C and after 15s at 60 ◦C which may indicate a peak of dissolution. 
However, the Fe/Mn ratio decreased for 4:1 for both conditions, indi-
cating an important discrepancy regarding the ratio calculated for the 
bulk material. Moreover, SEM images (Fig. 5 e.7-8) showed relevant 
features for 5S6060 that could be related to the higher surface roughness 
observed for this condition (Fig. 3 b). In fact, after sulfuric acid im-
mersion at room temperature, 5SRT60, a roughness Ra = 0.77 μm ±
0.18 μm was obtained with homogeneous morphology (Fig. 5 e.2). A 
higher roughness, Ra = 0.91 μm ± 0.06 μm, was found for 5S6060. This 
can be explained by a non-uniform dissolution mechanism which may 
result in a final rougher surface with observable compact features (Fig. 5 
e.8) that may be related to residual oxide on the surface [95]. The hy-
pothesis of the presence of oxidized scale remains, even for higher 
temperature treatment, is also supported by XPS results. In fact, the 
high-resolution spectra of O1s evidenced a significant metallic oxide 
contribution (probably associated to Fe and Mn oxides, peak at 530.8 
eV) reaching 34.4% at 60 ◦C, compared to only 6.2% at 21 ◦C (Table 3). 
In addition, when the pickling process is performed at room tempera-
ture, 12% of sulfur was detected in survey spectra, whereas at high 
temperature, its presence became negligible (Fig. 6). This amount of 
sulfur was further related to the oxygen present in the SO4

2− group. In 
fact, the main S6RT oxygen peak contribution at 532.2 eV was attributed 
to the presence of sulfates (Mex(SO4)y) reaching 71.2 at. %, compared to 
20.6 at. % for S660. In austenitic stainless steels [97], the presence of 
residual surface sulfur could be associated to a non-spontaneous 
passivation of the substrate, caused by the interaction with a highly 
concentrated H2SO4 solution. This mechanism of 
dissolution-precipitation forming a mixed-metal sulfate is limited by 
mass transport of precipitated ferrous sulfate in solid-state formation, i. 
e. by the formation of a supersaturated solution [98]. Therefore, the 
corrosion resistance of carbon steel in sulfuric acid is affected by the 
formation of this passivating protective layer composed of FeSO4, 
independently of the steel composition [96]. These evidences are sup-
ported by the mass loss invariance for 5SRT and 5S60 samples (Fig. 1e). 
However, increasing the temperature to 60 ◦C induced a change 
regarding the oxygen species formed on the metallic surface: the O peak 
at 532.2 eV (sulfate group) decreased drastically to 20.6%, the one at 
533.5 eV (adsorbed water) increased to 33.6%. A new peak at 534.9 eV 
was found, and assigned to hydroxides bound at surface Fex(SO4)y⋅n. 
H2O [99]. Then, the hydrophilic behavior found for the condition 
5S6030 (Fig. 4) could be explained by the fact that a rich interface in 
hydroxides is formed on the surface. 

4.2.6. Hydrofluoric acid 
HF generates H+ ions and may stabilize the redox potential of the 

solution. Metal-oxides and hydroxides react with hydrofluoric acid as 
shown in Eq. (8): 

MexOy + 2y.HF ​ →x.MeF2y + y.H2O (8) 

Carbon steels are passivated when in contact with HF and form a 
fluoride layer in function of the bath temperature [100,101]. The acid 
dissolution constants for the considered concentration are pKa = 3.2 at 
21 ◦C and 3.4 at 60 ◦C [83]. Unlike HNO3, this acid is known to dissolve 
the previously formed passive films of Fe oxides by complexing Fe3+ ions 
for carbon steels [102–104]. When in contact with oxides, HF dissolves 
them. Thereafter, fluorides ions react with the substrate alloying ele-
ments, like Fe and Mn, until the anionic species F− has totally reacted; 
then, reactions with the oxygen ions in the solution begins [105]. 
However, this explanation for the mechanism of reaction between HF 

and the substrate is not universally accepted. In recent studies, two main 
mechanisms have been proposed [106,107]. The first one consists of the 
reaction between diluted HF and the surface elements. Oxides react with 
HF and form water, leaving the metallic surface exposed, ready to be 
later passivated. However, ‘pockets’ of dilute acid remain at the inter-
face of partly dissolved metal-oxide. Finally, occluded cells are created, 
consisting of a passivated fluorine scale (for example FeF2). The second 
mechanism differs from the first one because of the pocket-corrosion 
process, finally leading to the formation of hydrated Fe-fluorides. 

In the present work, a relevant mass loss was found for treatments at 
21 ◦C and 60 ◦C, Comparing the mass loss values with the calculated 
mass for the scale, 6F conditions presented greater or equal dissolution 
for samples immersed longer than 100 s at 21 ◦C and higher than 30 s at 
60 ◦C. In fact, Li et al. [23] evidenced a mass loss decrease after 70 s of 
pickling in HF solution. 

From high-resolution XPS analysis of C1s, no significant difference of 
binding energies was observed for the conditions at 21 ◦C and 60 ◦C. 
Indeed, no peak attributed to the CFy group, mainly assigned at 290.1 
eV, 291.1 eV, 292.7 eV, 294.2 eV and 296.7 eV was detected for all 
conditions. However, from O1s spectra, mainly the peaks located at 
530.2 eV, 531.8 eV were present for conditions at both temperatures. 
For 6FRT and 6F60, a peak at 533.6 eV and at 533.1 eV were found, 
respectively; these two peaks can be attributed to oxygen bonding with 
fluorinated carbon (O-CFx) [108]. The hypothesis of formation of a 
fluorine scale could also be sustained by the hydrophobic behavior 
observed for these conditions [109]. 

5. Conclusion 

The present study assessed the effectiveness of different acid pickling 
processes applied to a Fe–13Mn-1.2C biodegradable steel on the removal 
of a heterogeneous oxide scale. In particular, six different acidic media 
(HCl, HNO3, H3PO4, CH3COOH, H2SO4 and HF), two exposition times 
(30 s and 60 s), and a specific range of temperature (21 ◦C–60 ◦C). The 
different mechanisms occurring at each metal/solution interface were 
discussed to evaluate the effectiveness of the process parameters and 
their effect on the material surface features. 

Changes in mass loss, morphology and wettability evidenced the 
synergic effect of temperature and time. Among all conditions, samples 
treated in HCl and HF at room temperature presented similar magnitude 
of mass loss (0.03–0.1 g/cm2) and similar micrometric morphology, 
microcellular and cavities aspects. However, 1C60 condition showed the 
highest mass loss values for the time interval studied on this work 
(0.03–0.05 g/cm2). Otherwise, mass loss was lower than 0.010 g/cm2 

for other conditions. Comparing all studied acidic immersions, only 
3PRT60 and 4A60-30 and 60 s were smoother than the initial surface 
state (<1.08 ± 0.20 μm) but no significant roughness influence was 
observed for all conditions. Moreover, 4A and 5S conditions produced a 
more hydrophilic surface among all samples, and 5S6030 the most hy-
drophilic behavior. Besides the different dissolution mechanisms, the 
ratio Fe/Mn for 1CRT, 1C60, and 3P60 was higher compared to AS-REC 
samples. Indeed, this observation highlighted an increasing of iron on 
surfaces pickled in hydrochloric acid and less manganese for those 
treated in phosphoric acid. Although, 1C and 6F presented the highest 
mass loss rate, from the point of view of the interface of biomaterial- 
biological environment, 6P, more specifically showed a rapid passiv-
ation. Mostly important, the addition of inhibitors and the use of 
different concentrations of pure acid diluted in an appropriated solvent 
might be investigated to suit the industrials needs and assure a finer 
control of the surface features. 
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