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Hot Strip Processing of Low Carbon Enameling Grades
In the Range of 600 to 700 °C

A. Van Cauter, J. Dilewijns, F. Hérzenberger, R.A. Hubert, and B.C. De Cooman

(Submitted 28 October 1998; in revised form 26 October 1999)

The processing of continuously cast low carbon steel grades for enameling usually requires a high coiling
temperature. Low-temperature coiling, however, is required to ensure deep drawability. A steel composition
characterized by low AIN leads to a material combining both good formability and enamelability ratio for
hot strip coiling temperatures in the range of 600 to 708C. The influence of the coiling temperature on the
mechanical properties, cementite morphology, H permeation, and enamel adhesion was studied in detail.

|Keywords continuous casting coatings, coiling, enameling, ste}els enameling grades are between 3 and 5. This corresponds typically
to, e.g.,an Al content around 400 ppm and a N concentration of

approximately 40 ppm. The present work concentrates on enam-
1. Introduction eling steels with a lower AIN ratio. The particular range of the

Al/N ratio for these steels is graphically represented in Fig. 1. The
wer Al/N ratio is obtained by choosing a high N content and

. . . lo
Continuously cast steels are replacing the more traditional . LT
stabilized ingot cast grades in enameling applications. Ingot casf low 'i‘l cton;[jentthtopl\rl}i:uenc.e .tth?. AINk. pr?upgat[on. A.Il.ow Abl
grades are characterized by a better compositional and structurdfmount retards the “precipitation KIn€Ucs during corling, be-
homogenity. They have a better internal purity with fewer in- cause the A_‘l _dlffusm_n coe_fﬁment is much smal_ler tha_q the N dif-
clusions. The inclusions present in stabilized ingot cast gradesfUSIon qoefflment. \.A./'th ahlg_h N amount, some interstitial N'is left
for enameling guarantee an efficient hydrogen (H) trapping, and" SOIUF'On aftgr coiling. In. Fhls way, itis posgble to keep.some Al
consequently, their use results in the absence of fish scaling. Th@lnd N in solution after coiling even at relatively high coiling tem-

excellent enameling characteristics are also due to the high sur?etratlge? T?)e tfrﬁe Al anlq N ar(iha\{an{?blis to fform ALI}I F;FECIpI-
face purity, which results in the absence of typical enameling de-1at€s during batch annealing so that a texture favorable Tor press

fects, such as carbon boiling. This superior enamelability can bel0'Mability is achieved. Figure 2 gives a simulation of the AIN

bined with d f bility by using | iling tem- precipitation during coiling. The model used for this theoretical
gggt:;:gs ;Vflter?fc])g hgtr?(s)ﬁin%rma Hity By using fow cofling tem calculation has been presented elsewhere by Helljest.an Al

The same combination of excellent deep drawability and content of 260 ppm and 65 ppm N, about 15 ppm N remains in so-

enameling characteristic of the stabilized ingot cast grades forIUtIon {ﬁr Zlcﬁ'"ng t.er.?pteran;rg of 630' ifa megnF@stan%e pet-
enameling cannot easily be achieved for continously cast lowVEEN the AT\ precipiiates o 4én is assumed. Figure S gives
carbon steels. the interstitial nitrogen content after coiling as a function of the

Low carbon enameling grades require a relatively high coiling coiling temperature. Nuclei formation is not taken into account

temperature (CT) in order to have cementitereoalescence. in this mogiel. The precipitate. density is based on trapsmission
This coarse R€ is broken during cold rolling, thereby creating electron microscopy observations. The model calculations show

voids acting as effective irreversible H trapping sites. At high coil-

ing temperature, however, the aluminum nitride (AIN) also pre- Al/N > 1 > 1.5 3
cipitates in the coiled strips. This AIN precipitation should take 100 N 25
place during batch annealing in order to get a steel with improved 99 R l
deep drawability characteristics. This is due to the fact that the 80 é Proposed 3
AIN precipitation stimulates the development of the favorable __ 70 /—] range 7’\ =
{111}fiber texturel! which results in a high normal anisotropy. § 60 N]_Aging zone [N l
However, it is possible to keep an appreciable amount of AIN in = 50 \\\\* e Uf::é:c f
solution at the relatively high coiling temperatures, which will 2 E less pan cake |—— 45
yield coarse carbides. This can be achieved for steels with a cherr% 40 R structure
ical composition with a lower AIN atomic ratio. The kinetics of = 30 \ —
the formation of AIN is mainly controlled by the diffusion of the 20 R P
Al atoms and the AIN ratio. This ratio has to be larger than one,to 1 | ,-",
obtain an aging-free steel. Typical AIN ratios for low carbon 0| /,"" = — :
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Fig. 2 AIN precipitation during coiling of a hot strip containing 260 ppm Al and 65 ppm N. The interprecipitate distanceui® 0.24

102 o— : ; —— : 0.1 700°C temperature range. Grain boundary cementite is obtained
' I 5 when the coiling temperature is below thet@®@mperature. In this
N \q case, only ferrite is present at the beginning of coiling, and a fine,
BO¥ \S\\}w ool . uniformly dispersed cementite is obtained. If the coiling temper-
~ : vf"a\—f\ L r o2 ature is higher than the Aemperature, both ferrite and austen-
-\ \ ‘ ' ite coexist when coiling starts. The austenite, which has a higher

o

1001 4

T ] % E@\\ L 0.3 g C solubility, enriches in carbon, and after transformation to ferrite,
> - % i : £ coarse cementite clusters appear. The latter cementite morphology
§ 1010 Jo \S\z\v a;\\f ________ e § is a prerequisite for good enamelability. The cementite morphol-
2 3 \ N Y’\ r0s g ogy changes at a coiling temperature equal to thteAwperature.
3 1 : : al ‘ g It has to be noted that the coiling temperature at which the ce-
§ 1 | N \ 107 8 mentite morphology changes is lowered when the cooling rate
" s\ ? X L of the strip prior to coiling is increased. The famperature de-
109 i N NE1.0 B . . .
E N | creases at higher coollng.rat.es, .becaus.e bpth the nuclatlorj rate
] P ‘\ ; 12 and the rate of carbon redistribution are limited. At high cooling
: ; rate, the material remains only a short time at high temperature,
1 [ so that the diffusion is hindered, and transformation finishes at a
108 lower temperature at a later stage.
550 600 650 700 750 To obtain coarse cementite, the coiling temperature has to be
Coiling Temperature (*C) higher than the Atemperature. On the other hand, a high coil-

ing temperature is detrimental for the deep drawability. So it is
advantageous to use a higher hot strip cooling rate as it lowers
the Ar, temperature. The coiling temperature required for good
enamelability can thereby be lowered enough to achieve both the
coarse cementite morphology and the interstitial N content nec-
that, for a 0.24.m interprecipitate distance, about 60 ppm N is essary for drawability.
in solution when coiling at 60TC. About 20 ppm interstitial N
is obtained when coiling at 65C. For a usual steel composition .
(400 ppm Al and 40 ppm N), the model predicts the absence of2. EXperimental
dissolved nitrogen for coiling temperatures higher than°620

Whereas the coiling temperature determines mainkrtieint Table 1 gives the chemical composition of the steels used in
of interstital N, the hot strip cooling is very important for the ce- the present work. As already mentioned, the Al amount is higher
mentite morphology in enameling steels processed in the 600 taand the N amount lower than in the usual low carbon steel grades

Fig. 3 Nitrogen in solution after coiling as a function of the coiling
temperature for a steel containing 260 ppm Al and 65 ppm N
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for enameling. Steel C contains a higher Cu quantity, to see thaufacturing. The enamel was applied by wet spraying. The tem-

influence of Cu on the enameling properties. In the literature, perature dependence of the adherence was studied by means of

there is no uniformity about the influence of a higher Cu content strips placed in a gradient furnace, which allowed firing a single

in the steel on the pickling behavior. According to some au- sample in the temperature range 780 to €560

thorsl*-¢l an increased Cu content causes a lower pickling rate, The adherence of the enamel to the sheet was tested by a con-

because Cu enriches at the steel surface during pickling andrentional impact test, according to the EN10209 standard. The

slows down the anodic reaction (the iron dissolution). Moreover, impact mass of 1500 g was dropped from a height of 750 mm.

Cu interacts with S to form G8% (and/or CuS). This compound  The surface tested was compared with the standard table ac-

precipitates on the steel surface and the sulfur is not availablecording to standard EN10209 and ratings from 1 to 5 were given

anymore for the formation of corrosion accelerating SH- ions. (1: excellent adherence; and 5: total lack of adherence). Finally,

Other authofd mention an increased pickling rate for higher Cu the interface between steel and enamel was studied with a JEOL

content, because the pickling deposition is cathodic with respectJXA 8800 L electron probe microanalyzer (EPMA), equipped

to the steel, which causes an accelerated attack of the steel. with wavelength dispersive X-ray fluorescence analysis (sup-
The processing parameters used for the laboratory processplied by Japan Electron Optics Ltd., Tokyo).

ing are shown in Table 2. The coiling temperature was varied bet-

ween 600 and 77%C. After hot rolling, the sheets were either

air cooled or water cooled to the coiling temperature. 3. Results
The Ar, temperatures of the steels were measured using a
THETA (Port Washington, NY) Dilatronic Il S dilatometer The temperature dependence of the two main properties, ce-

equipped with a device allowing for deformation in compression. mentite morphology and solute nitrogen concentration, was
The compression specimens were solid cylinders with outer dia-studied in detail. The difference in cementite morphology is
meter of 3.5 mm and length of 5 mm. Temperatures were meashown in Fig. 4.

sured through a thermocouple spot welded to the specimens. The study of the cementite structure with the optical micro-

The distribution and structure of the cementite was studied byscope revealed that there was a significant difference between the
light optical microscopy and scanning electron microscopy (SEM) cementite structure in the materials with CT higher than°@00
using a Zeiss (Oberkochen, Germany) DSM 962. and these with CT under 70Q. At high CT, coarse cementite

The amount of N in solution in the hot-rolled material was de- clusters are observed, whereas at low CT, the grain boundary ce-
termined by the internal friction measurements, using a 40 kHzmentite is much finer and more uniformly distributed. This differ-
automatic piezoelectric ultrasonic composite oscillator tech- ence was visible in both the hot-rolled material and the final
nique®-1AThe mechanical properties were determined by meanscold-rolled sheet. The change in cementite morphology was not
of tensile tests. gradual but rather abrupt around 7A@ The difference in ce-

The resistance to fish scales was determined by measuring thenentite structure was caused by the value of the coiling tempera-
hydrogen permeation time of the steel with a Strohlein (Kaarst, ture with respect to the Atemperature. If the CT is higher than
Germany) apparatus. A thickness-independent hydrogen permethe Ar, temperature, the transformation of austenite to ferrite has
ation valuet/d?, wheret is the hydrogen permeation time in min-  not finished before coiling. During coiling, the austenite, which has
utes andl the thickness of the steel in millimeters, was calculated. a higher C solubility than ferrite, enriches in carbon. After trans-
A high hydrogen index/d?, is usually taken as a measure of a formation, cementite clusters appear. On the other hand, when the
better resistance against fish scales. In industrial practice, a hydro€T is lower than the Atemperature, all austenite is transformed
gen index higher than 6.7 min/rra required. to ferrite before coiling starts. So there is no enrichment of carbon

Panels of 8 40 cm were enameled by the two-coat/two-fire and all cementite is present as fine grain boundary cementite.
technique using an industrial enamel used in sanitary ware man- The interstitial N in the hot-rolled material was measured by in-

ternal friction for the materials with CT between 600 and°tR0

Table 1 Nominal steel analysis range (ppm) There was no interstitial N for CT higher than 7@ At these
high coiling temperatures, all N precipitated during coiling. How-
Steel C Mn P N Al Cu ever, there was still N in solution for coiling temperatures lower
A,B  480-500 2250-2500 100-150 50-80 200-300 175-200 than 700°C. Figure 5 gives the results for the three tested steels.
c 480-500 2250-2500 100-150 50-80 200-308:400 The results of the model calculations of the interstitial N content

are also shown for comparison. In the modeling, two mean inter-
precipitate distances were chosen, nanmekly0.2 and 0.4um.

Table 2 Processing of the material There was a good agreement between the measurements and the

Reheating furnace! SRT=1250°C prediction of the simulation, except for CT lower than 6CG0
Hot rolling | 25 — 6 mm four rolling steps reduction 76%  Here, the model predicted a higher amount of N in solution for the
» RFT> Arg chosen distance between the AIN precipitates. This is very likely

Coiling : ;ggg ggg:g due to the estimated mean interprecipitate distance (0.2/on).4
725°C 625°C in the model, which is too large for the situation with CT 800
700°C 600°C Alow CT promotes the nucleation, so many nuclei are formed and

Cold rolling ¢ 6 mm - 2, 7 mm reduction 55% the distance between the precipitates diminishes. As discussed in

El’:‘i n* pass ?("j‘/}fh annealing under argon atmosphere the Introduction, the modeling does not take the nuclei formation

into account, which is why the mean interprecipitate distance has
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Fig. 5 Results of the interstitial N measurements on the hot-rolled strip
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to be estimated. Therefore, at low CT, a mean interprecipitate dis 10 100
tance smaller than Owgn should be chosen to obtain a good agree- Time (s)
ment between the model and the experimental results for the
interstitial N content. Fig. 6 Influence of the cooling rate on the,Aémperature

With a dilatometer, the Atemperature of steels A and C
(higher Cu content) was determined at different cooling rates.in Cu content in the steel (C) results in a highgtémperature.
Samples were heated to 12%Dat a rate of 10C/s. After a re- The fact that the CT has to be higher than theeknperature for
tention time of 2 min at 125%C, the samples were cooled to good enameling characteristics, but that good mechanical prop-
1130°C at arate of 10C/s. At 113C0°C, a 10% deformation was erties require a low CT, means that steels with a low Cu content
given. The samples were then further cooled at rates varyingshould be favored.
from 2 to 30°C/s. A constant cooling rate was applied, whereby  There was no distinction in grain size for the different coil-
the furnace temperature control compensated for the heating dueng temperatures in the hot-rolled sheet; the grain size was
to they - « transformation. Figure 6 gives the results. ASTM grain size 8 in all cases. There were no pancake grains

A cooling rate of 2C/s is typically obtained with air cooling.  visible on the cold-rolled samples with CT higher than <00
According to Fig. 6, the Attemperature is 707C in this case. There was a clear pancake structure for the materials with lower
This is in agreement with the observations of a change in theCT. Figure 7 shows the microstructure of the material coiled at
cementite morphology around 700. At higher cooling rates,  CT lower than 700C and of the material with CT higher than
the Ar temperature is lower. For the same cooling rate Gaase 700°C. Table 3 summarizes the mechanical properties.
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A higher CT causes a decrease of Re gpdri®l an increase

For the material that was air cooled after hot rolling, there is a

of Ag. The CT has also a positive influence on the n value. Thesharp improvement of the hydrogen index around a CT ¢f@00
r value decreases when the CT rises as expected, since highhis coincides precisely with the change from grain boundary ce-

coiling temperatures are detrimental for deep drawability.

mentite (CT< 700°C) to coarse cementite clusters (€100°C).

The hydrogen permeation time of each material was measuredt has to be noted that the coiling temperature at which the ce-
with the Stréhlein equipment. Figure 8 gives the results of the mentite morphology changes is lower when the material is water

permeation index/d?, as a function of the coiling temperature.

Table 3 Influence of the coiling temperature on ReR,,, Agq,
n90°, and ther values @ =2.7 mm, batch annealed material)

CT Re Rm Ago

°C) (MPa) (MPa) (%) n9® r9C r0° 145  rum

775 178 306 441 0.226 153 131 0.84 1.13
750 177 306 441 0.226 147 128 085 111
725 180 310 421 0.226 147 133 085 1.01
700 194 315 416 0.221 158 123 0.83 1.09
675 165 310 418 0.217 151 136 1.03 1.23
650 185 317 40.0 0205 166 162 1.02 133
625 190 319 384 0.202 182 165 1.06 140
600 204 319 382 0201 176 163 102 1.37

Fig. 7 Microstructure of the cold-rolled and annealed material: top:
CT>700°C; and bottom: Ck 700°C

Journal of Materials Engineering and Performance

cooled with a higher cooling rate after hot rolling instead of air
cooled. So, the water-cooled material still has a higher hydrogen
index at low coiling temperatures.

Strips of the materials with CT between 600 and“@ere
enameled. For each strip, five firing temperatures between 780
and 860°C were used. Figure 9 gives the results of the impact
test, and Fig. 10 shows the enameled panels after performing the
impact test.

It can be seen that the adhesion improves at higher firing tem-
peratures and higher coiling temperature. No special measures
were taken to improve the adherence. When the plates are pick-
led before enameling, the adherence is considerably better. Com-
paring the results of the adherence tests for steels A and B with

70
60 -
€ 40 -
E 40
£
E 30—
20
10 1 A Steel A, air cooled
g : : O Steel B, water cooled
0 T T T T T 7 T T
575 600 625 650 675 700 725 750 775 800
CT (°C)
Fig. 8 Influence of the coiling temperature on the hydrogen perme-
ation indext,
5 ) no adhesion
L CT600°C
K 4 ki poor adhesion
2
%, CT 625°C
23 4 acceptable adhesion
£
o
< \CT 675 °C
CT 650 °C
£ CT 700 °C )
3 2 good adhesion
3
1 excellent adhesion

760 780 800 820 840

Firing temperature (°C)

860 880

Fig. 9 Results of the impact test
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rating 2

rating 4

820 "C

rating 5

rating 5
F

Enamel

Enamel

ig. 11 EPMA scan of the steel/enamel interface

rating 5

Fig. 10 Enameled samples after performing the impact test (CT>®50

cles did not form at the enamel/steel interface, it is believed that
Ni makes only a minor contribution to the adherence. Thé Co

ions were effectively reduced at the interface and formed an in-
termetallic FeCo interfacial adherence layer containing small
amounts of Ni. This can be clearly observed in the elemental

mappings shown in Fig. 11.

4. Conclusions

The study of low carbon enameling grades with N and Al lev-

els, adapted to optimize enameling and drawability has led to the

steel C demonstrated that increasing the Cu content to 400 pprifollowing results.

did not influence the enamel adherence.

The enamel/steel interface was examined on cross section$
by SEM. The results showed a well-developed steel/enamel in-
terfacial adhesion layer for all steel substrates. This layer was a
Fe-Co-Ni intermetallic layer characterized by a high roughness.
Metallic Ni particles were detected throughout the enamel. Thise
observation suggests that a substantial amount of fhéoNs
were reduced in the enamel. Due to the fact that these Ni parti-

136—Volume 9(2) April 2000

It is possible to combine good deep drawing characteristics
and good enameling properties for continuously cast low
carbon steels if the Al/N ratio is lower by applying a low Al
and a high N concentration.

The CT has to be higher than the femperature to obtain
good enamelability. For air cooling, this temperature iS00
for this steel. However, the Aemperature can be reduced by

Journal of Materials Engineering and Performance
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