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The microstructure and mechanical properties of two fire-resistant steels manufactured by Nippon Steel
were investigated. Microstructural observation was carried out using optical microscopy, transmission
electron microscopy (TEM), and scanning electron microscopy (SEM). It was found that the good high-
temperature strength and creep properties of these steels are due to the high lattice-friction stresses,
which are a result of the very fine distribution of metal carbide (MC) precipitates and molybdenum in
solid solution. In addition, a strong secondary wave of precipitation at approximately 650 °C was ob-
served. This lattice friction stress maintained strength up to 600 °C.

|Keywords creep, fire resistant, microstructure, steel strengtl‘{ plied fire protection will not reduce the application cost signifi-
’ ’ : : cantly. The only ways to reduce the cost are either to eliminate

. the need for fire protection or to reduce the amount of steelwork
1. Introduction that requires protection. Eliminating fire protection is advanta-
geous in other ways, such as faster construction and the conse-
In recent years there has been a large increase in the numbejuent cost saving, for example, from a quicker return on
of multistory buildings constructed with steel frames due to a investment, as well as a reduction in site disruption and in-
decrease in raw material prices and better productivity in thecreased safety (Ref 7).
steel industry. Correspondingly, there has been an increase in To eliminate fire protection, a fire resistant steel must retain
research into fire engineering, with major findings being in- a working stress higher than the applied stress at the given tem-
cluded in the publications of comprehensive Eurocodes EC3perature, as well as having properties in other aspects adequate
and EC4 (Ref 1, 2). The main requirement of fire safety regula-for structural purposes. The basic properties required of a fire-
tions is to ensure the safety of occupants and fire fighters, andresistant structural steel are:
in practice, to offer some protection to the building itself (Ref
1). It is well documented that conventional structural steels re-¢  High temperature strength retention
tain approximately 50 to 60% strength at around 550 °C (Ref3-«  Good ductility
5). Fire protection is needed because the steels cannoj
withstand the temperatures experienced in real fires. Tests have
been carried out on large-scale constructions at Cardington’
Laboratory in England as part of a European collaboration co-
ordinated by the UK Building Research Establishment (BRE)
and British Steel. Most of the steelwork involved was unpro-

Good weldability
Competitive cost

It has been estimated that retaining 60% of the room tem-
perature strength at 800 °C would almost certainly guarantee an

tected. Maximum steel temperatures between 690 and 1060 ° nprotected fire resistance of 30 min (Ref 8). This was con-

were recorded (Ref 6). If these temperatures are reached, the irmed by the recent computer modeling work of beam and
o : P : ' oo slab structures by Sha (Ref 9). Thus, the ratio of the yield
the limiting stress of the steel falls below the working stress and

failureensues. Thus, itis necessary to protect steelwork and en_strength ata given temperature to the room-temperature yield

L ..._strength, the yield strength ratio, is a useful parameter to com-
sure thgt such tem.peratures are not reached within the spemflegare steel performance at high temperatures.
fire resistance period.

The main forms of fire protection are rigid boarding, spray E_arly research into fire-resistant microalloyed ste_els_ was
intumescent paint, concrete encasement, and erxibIey blankét'camed out by the Frenph steel company Creusot-Loire in the
the first three dom’inate the market (Ref 4’) Application of fire 1970s (Ref 10, 11). This was followed by further research in

L . . = ) - Australia (Ref 12) and Japan (Ref 13, 14) in the early 1990s.
ﬁ\r,%tg?rg:] Irsn:rlligfzra;)nptﬁ:;i\:; ar(z;ttlt\:g.t::/la?]sir?ef trzztgcr)iztl Iisi?]‘- The latter steels were more effective, retaining 60% strength to
and it can cost around 50% of the steel price (Ref 7). Thistemperatures of around 650 °C. Consequently, several fire-re

that reducing th ¢ f le. thick f sistant steels are now manufactured commercially in Japan.
means that reducing the amount, for example, thickness, o apI]apanese construction standards are stricter than the Euro-

_ : : — codes, restricting the maximum steel temperature to that at
W. Sha, School of Civil Engineering, Queen’s University of Belfast, which the steel retains two thirds of its room temperature yield

SiiléasltOB;;IZIi[a\lrlr\:r’nlé|r<sfr.1isti‘lKBerlilél;‘:]Zelt:{ec:a%relt_toﬁzso?‘lcI\;thGeSéggd%?('sgjr; p strength, which for conventional steels is between 350 and 450
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2. Experimental Procedure bon films were collected from the water surface onto copper
grids and finished with careful drying.
Scanning Electron Microscopy.Fracture surfaces from

2.1 Composition tensile samples were examined using scanning electron mi-
croscopy (SEM). The fracture surface was cut from the sample
approximately 3 mm from the fracture, carefully washed in
"Ythanol, and attached to an aluminum disk. They were then car-
bon coated. Optically polished samples were also examined us-
ing SEM. Again, these were carbon coated or in some cases,
gold coated, to improve the conduction over the sample sur-
face.

The compositions of the Nippon fire-resistant steels, which
are referred to as the niobium and molybdenum steel, are give
in Table 1.

2.2 Preparation of Microscopical Specimens

Optical Microscopy. Samples for optical microscopy were
mounted in plastic resin and prepared according to Higgins . . . .
(Ref 18), by grinding to @m, followed by polishing to im. 2.3 Differential Scanning Calorimetry
The samples were then etched using a 2% nital, as recom- Differential scanning calorimetry (DSC) tests were carried
mended by Vander Voort for low-carbon steels (Ref 19). Grain out on a Netzsch DSC 404 (Netzsch-Geratebau GmbH & Co.,
sizes were measured using the linear intercept method as deselb, Germany) using S-type thermocouples. Specimens were
scribed by Rostoker and Dvorak (Ref 20). cut to 4 by 4 by 1 mm. After careful cleaning with alcohol, they
Transmission Electron Microscopy.Thin foil samples for were weighed, placed in /D5 crucibles, and inserted into the
transmission electron microscopy (TEM) were prepared by DSC furnace at ambient temperature. Tests were carried out
grinding the sample down to a thickness of.8@, after which without a reference sample at 2 °C/min. To limit the amount of
3 mm diameter samples were punched from the sheet, as remxidation, helium gas was used to provide a protective atmos-
ommended by Belk and Davies (Ref 21) . These 3 mm disksphere. The furnace was purged with helium for 10 min before
were then electropolished to transparency using a solution ofeach test was started. An identical test was carried out with
5% perchloric acid, 20% glycerol, and 75% methanol at —30 °C empty crucibles prior to sample tests to obtain a baseline. This
under 30 V. was to correct for the instrumental contribution of each test and
Carbon extraction replicas for TEM were also prepared ac- subsequently subtracted from each sample test to provide the
cording to Belk and Davies (Ref 21). Heavily etched optical sample signal.
microscope specimens were carbon coated and then scratched
in a square grid pattern. These were immersed in 10% nital until
blistering of the carbon occurred after approximately 5 min.
The samples were then removed from the acid, gently washed Equilibrium calculations were carried out using the
in ethanol, and immersed in a bath of distilled water. The car- Thermo-Calc package, developed at the Royal Institute of

2.4 Thermodynamic Calculations

Table 1 Bulk compositions of the Nippon steels

Element, wt%

Steel C Mn Si Mo Nb S P
Nb 0.11 1.14 0.24 0.52 0.03 0.02 0.009
Mo 0.1 0.64 0.1 0.51 0.05 0.009

' 7, 1 Ml pm
P i b S

(b)
Fig. 1 Optical micrographs of the niobium steel. (a) As received. (b) Heat treated for 30 min at 650 °C
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Technology Stockholm. All phases in the Scientific Group banding, which is more prevalent in the niobium steel than the

Thermodata Europe (SGTE) Solution Database were enteredmolybdenum steel. Both steels have polygonal ferrite-pearlite

which included all common carbides and intermetallics. For structures containing approximately 80% ferrite. The remain-

some phases, however, the database may have insufficient corder in both cases is made up of disrupted pearlite and a small

sideration of solute partitioning. amount of bainite. Figure 3 shows high magnification SEM im-
ages of this disrupted pearlite in the steels. It is not strictly la-
mellar, probably due to the partitioning of molybdenum to

3. Results and Discussion cementite. Thermo-Calc predictions have shown levels of mo-
lybdenum in the cementite of both steels (Table 2).

3.1 Base Microstructure

. Lo . o - .. Table2 Cementite compositions in the Nippon
Given the similarity of their compositions, it is not surpris fire-resistant steels at 650 °C

ing that the two steels have similar base microstructures. Fig-

ures 1 and 2 show these microstructures in the as-received Element, at.%
condition and after heat treatment at 650°C for 30 min for the stee| C Fe Mn Mo
n_|ob|ym and molybqlenum ste_e_l, respectively. The ferrite grain Nb 4.8 63.8 109 05
size in the as-received condition was aroungn® for both Mo o48 67.8 70 0.4

steels and remained unchanged. There is an obvious effect of

i
] %*. fr"'ﬁl:*..
i YR ST I e i

€Y (b)

Fig. 2 Optical micrographs of the molybdenum steel. (a) As received. (b) Heat treated for 30 min at 650 °C

(b)

Fig. 3 Scanning electron micrographs of the typical pearlite morphology in the as-received condition. (a) Niobium steel. (b) Molybden
steel
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Honeycombe and Bhadeshia stated that molybdenum ad- Precipitates in both steels were observed at grain bounda-
dition substantially lowers the rates of nucleation and ries, on dislocations, and in the matrix. Precipitates in the nio-
growth of pearlite in steels, as well as altering the morphol- bium steel tend to be spherical with some larger cuboidal
ogy (Ref 22). Thus, the levels of molybdenum in the cemen- particles. In the molybdenum steel, both large and small parti-
tite of both steels may account for the disrupted morphology. cles are cuboidal. Figure 4 shows transmission electron mi-
Thermo-Calc calculations also showed that the manganesecrographs of typical carbon extraction replicas displaying the
level of cementite in both steels decreased with increasingprecipitate morphology.
temperature. Precipitate size distributions before and after heat treatment

The eutectic temperatures were obtained from DSC analysiswere assessed from carbon-extraction replica images (Fig. 5).
as 733 °C for both steels. The values predicted by Thermo-Calcln the as-received condition, the niobium steel exhibits a small
were 693 °C for the niobium steel and 708 °C for the molybde- peak at 40 to 50 nm, suggesting that there are two distributions

num steel. of precipitate. These larger particles may be NbC precipitates,
which precipitated during rolling; whereas the smaller particles
3.2 Precipitation could be the distribution of MoC precipitates. The MoC has a

higher solubility than NbC, and thus precipitates at a lower
temperature, leading to finer dispersion (Ref 22). There is a de-
- . crease in the average precipitate size after annealing for 30 min
electron diffraction. Therefore, although both j@oand MC at 650 °C from 41 to 34 nm in the niobium steel and from 34 to

were |dent|f|§d in either Nippon steel by difiraction, these re- 28 nm in the molybdenum steel. The most frequently occurring
sults are subject to a degree of uncertainty. Wang et al. also re-

ported that MC and M coexisted in the same steel precipitate sizes were 4.1 nm for both steels in the as-received

Equilibrium precipitation predicted by Thermo-Calc is NbC condition and_1.6 and 2.5 nm for the niobium and molybdenum
(NbyM0,Cs) and MoC in the niobium steel and MoC in the steel, respectively, after the heat treatment. These results imply
4gV1I0745

) that there may be a secondary hardening reaction due to pre-
;ntgggdczr;ﬁirgez[ieell.owZ;r?g;ilrit;czglsy Sgé%mﬁ%j }?f;t lﬂr:]i?:a?r\zgc%ipitation in both steels. Such a phenomenon was also reported
the NbC-type precipitate deviates from stoichiometry. Cottrell lSJtyegleang et al. (Ref 23) for MC precipitates in high-speed
(Ref 24) stated that Mchas insignificant deviation from the )

stoichiometric composition, which only occurred whea 1 Transmission electron microscopy study of thin foils and
However, Kneiss| et al. (Ref 25) reported MC precipitates in hardness testing of the steels have shown that further precipita-

which carbon was above the stoichiometric composition in an tion does occurat 65(.) oq' The precipitate nqmber density, esti-
atom-probe, field-ion microscopy (APFIM) study of steel al- mated assuming a foil thickness of 100 nm, increased from 1.1
loyed with I,ow levels of chromium, molybdenum, and nio- - 1014t0.1'3.x 10*%cmPand from 8.5¢ 10'3to 1.3x .1014/ om?

bium. It can be noted that Thermo-éalc predicts n(,) iron in the for the niobium anq molybdenum steels, rgspectlvely, after the
MC [:;recipitates of these steels. Of note is the effect of the heat treatment. This also_corresponded with a peak in hardness
mixed composition of precipitate's Due to their thermal stabil- after heat treatment at this tempera(ief 26). _However, the
L . R : -~ increase of hardness is not affected by the aging time, up to 3 h.
ity, fine size, dense distribution, and slow rate of coarsening,

MC-type carbides of mixed composition were reportedly the . I
more stable species of carbides in high-speed steels. They werlg'3 Lattice Friction Stress

thus thought to be the optimum carbide type for high tempera- Values of lattice friction stress for these steels can be calcu-
ture strength, according to Wang et al. (Ref 23). lated from the Hall-Petch equation:

It has been shown by Wang et al. (Ref 23) that differentiat-
ing between M¢C and MoC is extremely difficult using TEM

@ (b)

Fig. 4 Transmission electron micrographs of carbon extraction replicas showing the precipitate morphology. (a) Niobium stegh-(b) Mol
denum steel
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Fig. 5 Size distribution of the precipitates in the as-received condition and after heat treatment at 650 °C for 30 min. (apteibiln
Molybdenum steel

@) (b)

Fig. 6 Fractographs of the niobium steel. (a) Tested at room temperature. (b) Tested at 600 °C

o,=0;+ kyd—1/2 There are several strengthening mechanisms contributing to

Y the lattice friction stress (Ref 28):

whereo, is the yield stress arg] is the friction stress, repre-

senting the stress required to move free dislocations along slip 0i =0p * Oss* Oppt+ Oy

planes in body-centered cubic (bcc) crystals. The paraieter

reflects the difficulty of transmitting slip across grain bounda- whereag is the intrinsic strength of the ferrite lattice (63.7
ries and is around 17.4 N/nifAaccording to Pickering and  MPa) (Ref 28);04 is the contribution from solid solution
Gladman (Ref 27). Thekis the average ferrite grain size in mil-  strengthening by substitutional elements, 32 (wt% Mn) + 83
limeters. The friction stress values were calculated to be 170(wWt% Si) + 11 (wt% Mo) (Ref 29)and g is the strengthen-
MPa for the niobium steel, 157 MPa for the molybdenum steel, ing from dislocations. They is negligibly small because the
based on yield strengths measured in tensile tests (Ref 26) anfinish rolling temperature was above the;Aransformation
grain sizes measured in the present work. The high lattice fric-temperature. The parametep, is the contribution from
tion stresses are due to the distribution of very fine carbide pre-Précipitation calculated from the Ashby-Orowan model (Ref
cipitates and the considerable amount of molybdenum in solid25):

solution. Thus, bypassing these obstacles must occur for dislo-

cations to move through the matrix. In the case of edge disloca- 1 L.26b0, x

tions, the process of climb is slow because the rate-controlling Oppt™ 1.18 DTD'” 2b

process during dislocation climb is atomic diffusion. . 0
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(a) (b)
Fig. 7 Fractographs of the molybdenum steel. (a) Tested at room temperature. (b) Tested at 600 °C

whereG is the shear modulus (80.3 GPa) (Ref 30); b is the Bur- are a result of the very fine distribution of MC precipitates, mo-
ger’s vector in the slip direction (0.25 nm)= d(2/3%2 d is lybdenum in solid solution, and a strong secondary wave of
the mean particle diameter; ahds the interparticle spacing precipitation at approximately 650 °C. This lattice friction
(n13—x, wheren is the precipitate number density). The lat- stress maintains strength up to 600 °C when grain boundary
tice friction stresses calculated from these equations using presliding begins.
cipitation size and number density data were both within 5% of
those obtained directly from the Hall-Petch equation, as in theR
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3.4 Fracture Surfaces

4. Conclusions
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