JOURNAL OF MATERIALS SCIENCE 27 (1992) 6583-6589

Model of hydrogen behaviour in enamelling

grade steels
Part Il Application

R. VALENTINI, A. SOLINA, L. PAGANINI

Universita di Pisa, Dipartimento di Ingegneria Chimica, Chimica Industriale e Scienza dei

Materiali, Via Diotisalvi 2, 56100 Pisa, [taly
P. DeGREGORIO

Centro Sviluppo Materiali SpA, CP 10747 Roma-EUR, 00100 Roma, Italy

A check has been made of a new model of hydrogen behaviour in enamelling-grade steels in
relation to the fishscale surface defect. The quantity C, of free hydrogen which remains in the
enamelled product is determined as a function of its solubility and diffusivity in the steel. The
seriousness of the defect or the resistance to the defect, resulting from various metallurgical
treatment conditions, can be correlated with the hydrogen parameters. It is shown that the
parameter C, can be adopted in quality control as a new criterion for fishscaling prediction and in
planning thermomechanical cycles for enamelling-grade steels in order to prevent the defect.

1. Introduction

Fishscaling, the delayed surface defect of enamelled
products, is due to the presence of hydrogen in the
metal. The susceptibility to the defect is currently
controlled by the first-passage permeation time after
Strolein or ATEL [1]. These methods give an indica-
tion of the susceptibility of the tested material to the
defect, but they are far from being accurate. A prac-
tical direct test is the enamel test [1]. Neither of these
methods explains the reason for the failure or resist-
ance to it.

In our previous study [2] a model was developed
which takes into account the characteristics of hydro-
gen solubility, diffusivity and trapping in the steel;
these parameters together determine the quantity of
free hydrogen C; which remains in the metal after
enamelling;

(Ce=N) 0

(D./D5) |
where C¢ is the hydrogen concentration attained in
the steel during enamelling, Ny is the concentration of
irreversible traps, D, is the coefficient of second dif-
fusion and Dy the diffusion coefficient in pure ferrite
(7.2x 1072 m?s™ ! [3]).

The formula leads to a criterion for measuring the
resistance of enamelled products to fishscaling by
comparing the calculated free hydrogen with its crit-
ical quantity:

CL =

CL = Cer )]

This paper reports experimental tests made for quant-
itative determination of the parameters involved in the
model and for verifying its applicability in industrial
practice.
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2. Experimental procedure

2.1. Materials

Table I gives the chemical compositions of the con-
tinuous-casting low-carbon steels that have been used.
In order to have materials with different trapping
characteristics both hot-rolled (HR) and cold-rolled
(CR) strips were tested; furthermore cold-rolled strips
were also subjected to diverse thermomechanical
treatments (coiling temperature, degree of cold reduc-
tion, batch annealing temperature and position on the
strip, i.e. H on the head and T on the tail of the coil) as
reported in Table I1. Samples of hot-rolled steels came
from cycles with an end-rolling temperature of 900 °C
and a coiling temperature of 700 °C.

2.2. Hydrogen permeation tests

Hydrogen diffusion and trapping characteristics were
determined by means of electrochemical permeation
tests according to Devanathan et al. [4]. Specimens
(30 mm x 30 mm) from samples of strips were cleaned
mechanically using 500 SiC paper, pickled in a 50%
aqueous solution of H,O,, washed in distilled water
at 25°C and degreased in acetone. Each specimen was
then mounted as a working electrode with a useful
area of 5 cm?, between the two halves of a glass cell;
the anode side was clad with Pd to eliminate surface
impedance to hydrogen flow [5]. A solution of 0.1 N
NaOH was used for both half-cells, with the addition
of 10 mg17* of As,Oj in the cathode compartment as
a hydrogen recombination poison [6]. Both half-cells
were de-aerated with a stream of N, to lessen the
background current due to reduction of the oxygen.
The anode compartment was held at + 200 mV SCE
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TABLE I Chemical composition of steels used

Material  C(%) Si(%) Mn(%)  S(%) P (%) Al(%)  Cu(%) Ti(%) B(ppm) N(ppm) O(p.pm)
A(CR)  0.050 0.020 022 0.020 0.020 0.050 0010  — — 52 39
B(HR) 0005 0.023 0.20 0.010 0.022 0.032 0019 013 — 39 47
CHR)  0.006 0018 0.25 0.007 0.022 0.050 0016  — 31 27 41
D(HR)  0.006 0011 022 0.010 0.018 0.043 0014  — — 56 50

TABLE II Thermomechanical parameters of cold-rolled sheets

Batch annealing

Specimen Coiling Cold
temperature reduction temperature (°C)
Q) (%)

ABH 560 552 650

ABH 560 55.2 800

ACT 700 67.7 650

ACT 700 67.7 700

ACT 700 67.7 750

ACT 700 67.7 800

AFH 700 50.8 700

AFH 700 50.8 750

AAH 700 53.1 650

AAH 700 531 800

AAT 700 6715 650

AAT 700 67.5 800

AGH 700 67.3 No annealing

AGH 700 67.3 650

AGH 700 67.3 800

*H: Head, T: Tail; position of the sample on the coils B, C, F, A,
G from casting A.

with a potentiostat. All the permeation tests were run
by imposing a current of — 10 Am~2 on the cathode
side, using a galvanostat; this current was low enough
to avoid damage to the membrane.

The time-lag method [7] was used to calculate the
first diffusion coefficient D; from the current—time
curve, applying the relation D = L?/6t; (¢ is the time
needed for the appearance of hydrogen on the oppos-
ite surface [8] and L the thickness of the specimen).
The cathodic current was subsequently interrupted,
permitting the discharge of the mobile hydrogen.

In the same conditions as in the first phase, a second
charging phase followed which permitted determina-
tion of the second diffusion coefficient D,. The concen-
tration of irreversibly trapped hydrogen (C;) could
then be estimated by measuring the area between the
first and second permeation curves [8].

To compare samples of different thicknesses, the
curves were normalized as a function of T = Dy t/L?
where D, is the coefficient of diffusion of hydrogen in
pure ferrite, ¢ is the time in seconds and L the thickness
of the specimen in metres. The flow of hydrogen was
also normalized (J,,,.») With respect to the stationary
case. As a matter of comparison, the conventional
first-passage permeation time was also measured us-
ing the ATEL Hyperm method [6].

2.3. Hydrogen solubility during the
enamelling process

The quantity C¢ of hydrogen absorbed by the steel

during the enamelling process was determined by
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means of a commercial Stréhlein instrument. The spe-
cimens were enamelled on both sides so as to seal the
entire surface, using the following procedure:

(i) Pretreatment of test pieces. Place the test-pieces
in a hot (90-95°C) alkaline degreasing solution for
25 min. Rinse well in running water at 30 °C and then
in distilled water; after rinsing the film of water on the
test-pieces must be continuous. Dry in oven at
‘100-105°C for 10 min. Spray the enamel (e.g. Ferro
RWS50W) on both sides of the test piece; spray so as to
obtain a 0.1 mm thick uniform layer of enamel after
firing. Dry in oven at 105 °C for 10 min.

(i) Firing. The test-pieces are placed in the firing
chamber and are fired at 830°C + 10°C for 3 min
10s to 4 min 40s (for thickness of samples 0.6 to
3 mm).

(ili) Results. 24 h after firing see whether appre-
ciable fishscales are visible to the naked eye.

This procedure has been proposed as a standard for
determination of the susceptibility of a steel to the fish-
scaling (preliminary classification: UNI E14.07.994).

After the firing of enamel, the specimens were placed
in the furnace of the instrument and held at 150°C
until all the hydrogen had been desorbed. Measure-
ments were also made on the same specimens in the
as-supplied state and after the pickling before enamel-
ling.

2.4. Electrochemical fishscaling tests

The critical quantity of hydrogen for blow-off of the
defect was determined by electrochemically-forced
fishscaling tests run on one-side enamelled samples.
The cell already described and the same enamelling
procedure (see above) were used.

The breakaway of the first piece of enamel on the
measuring side causes a current peak, whose position
on the time axis corresponds to the time ¢ of first
fishscaling [9]. The critical rupture concentration of
hydrogen is derived by the relationship [10]

i L 4 Dyt
== _— — [ — 3
Cor FDZ[I neXp< 4L2>] 3)

where i, is the stationary permeation current deduced
from the permeation tests, L the membrane thickness,
F the Faraday constant, D, the coefficient of second
diffusion of the hydrogen and ¢ the time of first fish-
scale.

2.5. Controlled enamel test
A direct check on the susceptibility of the steel to
fishscaling was carried out by the enamel test. Since it



is well known that humidity has a marked influence
on the results, the test was performed with the aid of
an apparatus which controls the humidity of the air
entering the oven, the dew point (d.p.) being regulated
at 25°Cand 30°C + 0.1°C[1]. The test procedure is
given in section 2.3 above.

3. Results

3.1. Electrochemical permeation

Figs 1 to 3 provide examples of first and second
permeation curves. The results obtained are sum-
marized in the first three columns of Table III for the
cold-rolled samples and of Table IV for the hot-rolled
ones.

The data of the Table III reveal variations in D, D,
and Cj, up to almost two orders of magnitude. This
confirms the reports made by other workers [11-13]
that even limited variations in the thermomechanical
parameters (degree of cold-rolling, annealing temper-
ature, etc.) may cause large variations in the solubility
and diffusivity of hydrogen in low-carbon steels. There
is much less variation in the case of the hot-rolled
specimens (Table IV), because the hot thermo-
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Figure ] Hydrogen permeation curves for sample A CT 750: (—
first permeation, (. . .) second permeation.
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Figure 2 Hydrogen permeation curves for sample A BH 800: (—

first permeation, (. . .) second permeation.

)
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Figure 3 Hydrogen permeation curves for sample C: (—) first per-
meation, (. . .) second permeation.

mechanical cycle is more homogeneous and generally
causes fewer lattice defects [11].

3.2. Hydrogen absorbed during enamelling
On specimens of “as-is” steel the average desorption
measured was 0.08 mol Hm ~3; after pickling, the fig-
ure rose to 1.6 molHm ™2, After the enamel firing at
830 °C under two humidity conditions (d.p. of 25 and
30°C), the desorbed hydrogen rose to 7.9 and
13.8 mol Hm ™3, respectively.

Taking into account also the concentration of irre-
versibly trapped hydrogen C,, the total C. values
are 11.8 and 17.7molHm ™3, respectively (1.5
and 2pp.m.). These values agree with that of
14.2 mol Hm ™3 already reported [14], and show that
the larger increase of hydrogen in the steel occurs
during the last phase of enamelling (firing).

3.3. The free hydrogen parameter

The values of free hydrogen were derived from the
Equation 1 of our model, using the data of D, and C,
reported in Tables III and IV and those of C esti-
mated at two level of relative humidity (d.p. 25 and
30°C). Results are reported in the fourth and fifth
columns of the same Tables III and IV, where the
specimens have been arranged in lowering order
of Cp..

3.4. Electrochemical fishscaling
The following results were obtained by application of

Equation 3:
A AH 650: Cx = 0.68molHm™3
(0.087 p.p.m.) (4)
A AT 650: Cx = 0.78molHm™3
(0.099 p.p.m.) (5)

Bearing in mind the approximations due to the ap-
plication of Equation 3, these results may be con-
sidered consistent and independent of the differences
in diffusivity of the samples.
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TABLE III Cold-rolled samples: results of permeation and enamel tests

Specimen D, D, C, Cp C. Enamel Hyperm
(107 1%m?2s™ 1) (1071 m?s™ 1 (molHm™3) (molHm™3) (molHm™3) test to (min, s)
d.p. =25°C d.p. =30°C d.p. = 30°C
A BH 800 12.00 15.00 0.55 2.34 3.57 Heavy 49"
A AH 800 10.90 11.40 0.16 1.84 2.78 Heavy 1277
AFH 750 3.74 5.19 322 0.62 1.04 Medium 216"
A BH 650 345 5.55 448 0.56 1.02 Light 4 26"
AFH 700 2.67 333 2.99 0.41 0.68 None 211"
A AH 650 1.81 2.61 4.56 0.26 0.48 None 327
ACT 700 1.84 2.32 4.09 0.25 0.44 None 1307
ACT 650 1.61 2.07 4.56 0.21 0.38 None 5 26"
A AT 800 1.20 1.33 3.54 0.15 0.26 None 8 20"
A GH 800 0.71 0.86 6.84 0.06 0.13 None 33 09"
ACT800 0.71 0.86 7.86 0.05 0.12 None 4 52"
A GH 650 0.67 0.75 7.23 0.05 0.11 None 10' 09”
AAT 650 0.55 0.66 6.68 0.05 0.10 None 12' 45"
AGHn.a 0.29 0.32 12.03 0.00 0.03 None 122’ 30"
ACT750 043 0.60 20.91 0.00 0.00 None L4 4
TABLE IV Hot-rolled samples: results of permeation and ename] test
Specimen D, D, C CL Cp Enamel Enamel
(107°m?s7Y) (107 °m?s7Y) (molHm™?) (molHm™? (molHm™?) test test
d.p. =25°C dp. =30°C dp.=25°C d.p. =30°C
C 6.49 30.31 2.12 4.05 6.56 Heavy Heavy
B2 3.67 7.35 4,01 0.80 1.40 Heavy Heavy
D 4.56 5.97 2.99 0.73 1.22 Medium Heavy
Bl 222 4.17 393 0.46 0.80 None None

Figure 4 SEM morphology of a typical fishscale (section).

3.5. Enamel test

The results of the enamel test are also reported in
Tables III and IV, where the following rough classi-
fication of fishscaling is suggested: none (no fishscale),
light (small, sporadic fishscales), medium (small but
widespread fishscales), and heavy (extensive fishscales
with breakaway of large pieces of enamel). As an
example Fig. 4 illustrates the morphology of a typical
fishscale, seen in section.
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4. Discussion
4.1. Comparison of permeation results
with enamel test results

Considering the two series of values of Cy reported in
Table 111 for cold-rolled samples, the larger and most
dangerous quantity of free hydrogen present in the
second case (d.p. 30°C) obviously depends on the
higher humidity present during the enamel firing.
Variations within the same column, instead, depend



A BH 800 A AH 800

A FH 750

A BH 650 A AT 800

Figure 5 Comparison of magnitude of free hydrogen C, with the enamel test results.

on the entrapment parameters (C; and D,) of each
specimen.

If the average value of Ceg =0.73molHm ™3 is
adopted for the critical concentration of frec hydro-
gen, and the values of C, are compared with the
results of the enamel test, it can be seen that values of
C; =~ Ccy effectively separate the safe specimens from
the defective ones. In Fig. 5 the values of parameter Cy,
are compared directly with the photos of fishscaled
specimens; the variation of Cy is congruent with that
exhibited by the images.

In Fig. 6 the values of C are graphically compared
with those of the conventional first-passage per-
meation time. It can be seen that the Hyperm times
may give indications in opposition to the real fishscal-
ing resistance of the steel.

Hence the parameter C; appears to be more reliable
for predicting whether the enamelled product will re-
main sound; furthermore, it becomes possible to es-
tablish a quantitative scale of the susceptibility or
resistance to the defect and the relative degree of
uncertainty.

4.2. Application of diagnostic model

On the basis of the model previously described [2],
graphs have been plotted to determine the boundary
between safe and defective samples, with reference to
the enamel test. Combining Equations 1 and 2:

hCCR‘f‘NlﬁCC = O (6)

where h = Dy/D,. Substituting in Equation 6 C¢
=177molHm 3 (d.p. 30°C) and Cc from Equa-
tions 4 and 3, two straight lines are obtained.

N, = 177 — 068 h )
N, = 177 — 0.78 h 8)

which block out a band on the (k, Ny) plane separating
the defective materials from the others, as can be seen
in Fig. 7. The graph reports all the samples which
reflect the condition Co— N, >0 (the others, of
course, cannot be and in fact are not defective).
Applying the same procedure with C¢
=11.8molHm™3 (d.p. 25°C), two other straight
lines are obtained: ‘

N, = 118 — 0.68 h )

N, = 11.8 —0.78h (10)
In this case too, the correlation with the results of the
enamel test (Fig. 8) appears satisfactory.

Figs 7 and 8 show that the highly defective speci-
mens lie close to the origin of the axes, while the
samples with lighter defects are closer to the boundary
zone. Thus, not only does application of the model
bear out the diversity in susceptibility to fishscaling, it
also indicates the margin of resistance of the sound
samples, as a function of the distance from the
boundary zone.

It can be observed that, in practice, an assessment of
fishscaling susceptibility may be made solely with the
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Figure 6 Graphical comparison between C,, (calculated values) and
to (measured first-passage Hyperm permeation times): W fish-scale,
() no fishscale.

coefficient of first diffusion [15]. However, this coefli-
cient does not distinguish between reversible and irre-
versible traps, it only evaluates the total effect of the
traps with diverse hydrogen entrapment efficiency
[16].

For this reason our criterion permits a more thor-
ough evaluation to be made of the real defect resist-
ance of the steel and the relative safety margins. Fur-
thermore, correlation between free hydrogen Cy, and
parameters of the steel treatment cycle indicates how
these variables can be correlated with the real hydro-
gen entrapment mechanisms [13].

5. Conclusions

Application of this model to the behaviour of hydro-
gen in enamelling steels provides a more objective
evaluation of the fishscaling behaviour of steels than
do the tests currently adopted. From the point of view
of the user of enamelling-grade steels, instead, the
model permits classification of the steels on the basis
of their safety threshold vis-a-vis the defect; it ensures
more careful checks on enamelling process para-
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Figure 7 Graphical evaluation of fishscale susceptibility of enamell-
ing sheet steels based on Equations 7 and 8 at d.p. 30°C:
(@) fishscale, ((J) no fishscale.
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Figure 8 Graphical evaluation of fishscale susceptibility of
enamelling sheet steels based on Equations 9 and 10 at d.p. 25°C:
(@) fishscale, () no fishscale.

meters, especially the humidity of the oven atmo-
sphere, in the case of materials at greater risk.

Another suggested use of the criterion presented is
the study of the effect of thermomechanical cycles best
suited for the production of enamelling-grade steels,
since the effect of the various treatment parameters
can be correlated directly with the hydrogen entrap-
ment mechanisms.

Further studies are now being pursued to arrive at
a more precise evaluation of some of the parameters
involved in the model and to furnish criteria for the
reliable classification of steels in relation to their fish-
scaling susceptibility.
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