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Teesside Laboratories

THE EFFECT OF FIRE DAMAGE ON THE
MECHANICAL PROPERTIES OF STRUCTURAL STEELS
ASSESSED USING LABORATORY HEAT TREATMENT STIMULATIONS

SUMMARY

A series of laboratory based heat treatments have been

carried out to examine the effects of fire damage on the

- mechanical properties of two Grade 43A type steels, a Grade 50
type steel and a sample of wrought ‘iron. - Factors studied
included temperature, and time at temperature as well as
heating and cooling rates. '

No decrease in strength or notch toughness occurred after
heating to temperatures up to 600°C and cooling back to

room temperature. After heating above 600°C, some deterioration
in properties was observed but in all casass the strength levels
were still well in excess of the maximum allowable design
stresses given in BS449: Part 2 The lowest yield stress

value obtained was only 40 N/mm~ below the appropriate minimum
specified requirement. Under these conditions, it is likely
that the steelwork involved in a fire would be severely
distorted or even have collapsed and hence be unsuitable

for reuse.
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THE EFFECT OF FIRE DAMAGE ON THE
MECHANICAL PROPERTIES OF STRUCTURAL STEELS
ASSESSED USING LABORATORY HEAT TREATMENT SIMULATIONS

INTRODUCTION

On many occasions the main structural steelwork remains
undistorted after a building has been involved in a fire,
Prequently, however, engineers are concerned that the
steel may have suffered permanent metallurgical damage as
a result of the fire. Much of this fear is based on
folklore and very little information has been published
to aid engineers in deciding which members could be
safely used again and which will require replacement.

The Rails and Sections Department of Teesside Laboratories
in conjunction with the Marketing Department of BSC
Sections have recently prepared a paper (1) for publication
in various journals with the principal aim of dispelling
some of the misconceptions generally held concerning the
effects of fire on structural steels. The paper examines
the factors which can cause steelwork to distort and
collapse during fires and presents some guidelines on the
major factors to be considered when contemplating the
reinstatement of a steel framework after a fire,

Part of the paper describes the results of some laboratory
based experiments to examine the effects of fire damage on
the mechanical properties of structural steels. This
report presents these results in greater detail and
includes additional test data not previously reported.

LITERATURE REVIEW

There are very few documented instances of detailed
metallurgical examinations carried out on structural
steelwork which has been subjected to fire. Only five
such examinations have been found, all of which were
carried out by BSC personnel during the period 1973-79
(2,3,4,5,6)., In addition, a series of BS476: Part 8
fire tests on universal beams is being carried out by

Teesside Laboratories at the Fire Research Centre, Warrington

(7). The tensile properties of the steelwork used are
assessed before and after each test and any deterioration in
strength can be related to the steel temperature known to
have been "achieved during the test.

-1-
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A detailed comparison of the results is given in the
paper referred to above and shows that in the majority

of cases the strength levels of the fire damaged steelwork
were still above the minima specified by the appropriate
material specifications and all in excess of the maximum
allowable design stresses given in BS449: Part 2, the

Use of Structural Steel in Building.

FIRE SIMUILIATION HEAT TREATMENTS

Since there was so little gquantitative information
available on fire damaged steelwork, a series of fire
simulation heat treatments has been carried out in the
laboratory to study, under carefully controlled conditions,
the effects of temperature and time oha the mechanical
properties of various grades of structural steel and
wrought iron.

3.1 Material Sources

Three steels and one sample of wrought iron were tested.
The three steels consisted of two mild steels, a low and
a high strength BS4360 Grade 43A steel, and a vanadium
treated steel produced to ASTM A572 Grade 50 which has
similar requirements to those of BS4360 Grade 50B.

The low strength mild steel was taken from 15mm thick
flats, hot rolled in the laboratory from short lengths

of a commercially produced 130 x 130mm Grade 43A billet
which had been the subject of a separate investigation
(8) and, in fact, failed the requirements of BS4360. The
high strength mild steel was taken from the 1l.6mm thick
web of a 533 x 210 mm x 109 kg/m beam and the microalloyed
steel from the 14.5mm thick web of a 686 x 254 mm X

170 kg/m beam. Both beams were commercially rolled at
Teesside Works Lackenby No. 10 Mill. The wrought iron
samples were short lengths of 120 x 100 mm tee section,
(flange and web, both 10 mm thick) obtained during the
demolition of Stockton Railway Station which was built
c.1895.

3.2 Heat Treatment and Testing

The fire simulation heat treatment simply consisted of
heating a steel or wrought iron sample in a furn%ce to
one of twelve temperatures in the range 100-10007"C for.
either one hour or four hours and allowing the sample to
cool in air. The samples taken from the two beams
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were each 420x75mm, from which one plate tensile test piece’
and six Charpy V notch impact test specimens were machined.
The samples from the low strength mild steel flats were .
heat treated using an edge protection jig. Each 200x50mm
sample was then machined to provide duplicate 5.65mm diameter
tensile test pieces and six Charpy impact specimens. The
wrought iron tee sections were heat treated as 200mm full
section lengths. There was insufficient wrought iron to
carry out the full range of heat treatments and therefore
the 4 hour treatments were omitted entirely. Duplicate
round tensile test pieces were machined from the flange/web
junction of each tee section. No impact test specimens
were taken from these samples. .

The tensile test specimens were tested in accordance with
BS18 : Part 2 to determine values of yield stress, tensile
strength, % elongation and, when testing round specimens,

% reduction in area. The Charpy V notch specimens were
tested to determine full impact transition curves. Sub-size
10x7.5mm Charpy specimens were taken from the high strength
mild steel samples, all other Charpy specimens were 10x10mm
in cross section. -

3.3 Heating and Cooling Rates

The heating and cooling rates of the samples were approxi-
~mately 60C”/min. and 36C9/min. respectively. The heating
rate of steelwork during a fire depends mainly on the fire
load and the type of fire protection (if any) used, e.g.
insulation boards, intumescent paints, etc. The cooling
rate depends on the conditions during damping down. It is
possible that the heating rate of unprotected steelwork
‘during some fires would be faster and the cooling rate
slower than the rates observed during the laboratory heat
" treatments. A simple experiment was therefore carried out
to examine the effects of these differences.

"This experiment consisted of heating a 420mm length of
commercially produced 50x50x6mm Grade 43A angle to one of
three temperatures in the range 800-920°C, removing the
sample from the furnace immediatelyon achieving temperature

" and cooling in vermiculite to 500°C (transformation is

complete at this temperature). Cooling was completed in air.

By setting the furnace at a temperature approximately 100¢°
higher than the aim heat treatment temperature combined with
the effect of heating material approximately half the
thickness of the samples used in the earlier heat treatments,
heating rates were achieved in the range 150-200C%/min.
These rates are very fast and probably exceed those which
would be expected for unprotected steelwork under the worst
fire conditions by a factor of at least two. The cooling
rates in the vermiculite were around 20C°/min. One plate
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tensile test specimen was machlned from each leg of each
heat treated angle. :

RESULTS

Table 1 shows the chemical compositions (produyct analyses)
of the four steels and the one wrought iron tested. The
results of the tensile and Charpy V notch impact tests in
both the as received and heat treated material are listed
in Tables 2 and 3a-c respectively. The effect . of fire
simulation temperature on the yield stress and tensile
strength of the low and high strength Grade 43A and the
ASTM A572 steels and the wrought iron are presented
graphically in Figures, 1, 2, 3, and 4 respectively.
Similarly, the effect on the Charpy impact energy absorbed

~at 0°C and the 27 Joule impact transition temperature are

shown in Figures 5, 6 and 7 (no impact tests were carried
out on the wrought 1ron). The tensile test fesults on the .
émm thick Grade 43A steel subjected to heat treatments with
modified heating and cooling rates are shown in Table 4.

4.1 Tensile Properties

All the steels tested had one important feature in common;
there was no deterioration in strength after heating to
temperatures up to 600°C irrespective of time at temperature.
Above 600°C, the materials showed differing behaviour
depending on quality and, for the mild steels, original
strength level.

Heat treatment at'temperatures above 600°C had little effect
on the yield stress and tensile strength of the low strength
mild steel (Fiaure 1) although a slight drop, of approxi-
mately 15 N/mm“, was observed after heating to 700°C. = The
difference in original yield stress between the low .and high
strength mild steels was around 100 N/mm2. After heating to
temperatures above 600°C, the high strength mild steel showed
a steady deterioration 1n y1eld stress reaching.a minimum of
245 N/mm2 after heating to 900° C, a decrease of around 90
N/mm2 from the original strength level (Figure 2). It
should be noted that the yie%d stress after heating to 900°¢
for 4 hours was only 10 N/mm“ below the minimum value -
specified in BS4360 for Grade 43A and that the original yleld

" stress of this sample was typical for sections produced in

Grade 43A.

The yield stress of the steel microalloyed with vanadium
reached a minimum of 304 N/mm2 after heating to 800°C, a
decrease of over 100 N/mm2 from the original yield stress
and around 40 N/mm2 below the minimum value allowed in
ASTM A572 (Figure 3). - Above 800°C6 the strength levels
increased and after heating to 1000-°C, the yield stress had

-4
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recovered to within 40 N/mm2

of the original level.

The wrought iron showed no deterioration in strength
‘properties with increasing temperature of heat treatment
(Figure_ 4). In fact, there was an increase of around

20 N/mm2 in strength levels after 1 hour heat treatments at
temperatures greater than 600°C.

Table 2 also shows that the ductility of all the materials
tested, as measured by the % elongation at failure and %
reduction in area, was maintained irrespective of the
temperature and duration of heat treatment.

The effect of modifying the heating and cooling rates of

the émm thick mild steel angles was to decrease their yield
stress and tensile strength levels by approximately 30 N/mm?2
(Table 4). These changes were in line with those observed
in the mild steels subjected to heat treatment for much
longer times at similar temperatures (800-900°C) under
conventional laboratory conditions. The lowest yield
stress measured after heat treatment was 17 N/mm2 below the
BS4360 minimum value of 255 N/mm2. '

4,2 Impact Properties

It should be noted initially that neither BS 4360 Grade 43A
nor ASTM A572 Grade 50 (nor BS 4360 Grade 50B) are offered
with guaranteed impact properties.  Nevertheless, the
values obtained on the as-received material were excellent
(Tables 3a-c). An energy absorption of 27 Joules minimum
at the Charpy test temperature is normally regarded as a
measure of adequate notch toughness in a steel. The
temperature at which 27 Joules was absorbed, the 27 Joule
impact transition temperature (27J ITT), was on average as
follows for each of the steels tested.

Low strength Grade 43A -~ SSC
High strength Grade 43A -35~C
ASTM A572 Grade 50 ~-15°¢C

The notch toughness of the three steels after heat treatment
followed similar trends to those of the strength properties
(Figure 5, 6 and 7) in that the impact Yransition tempera-
tures and the number of Joules absorbed at 0°C remained
constant up to 600°cC. The transition temperatures of the
low strength mild steel were, in fact, decreased to lower
temperatures by about 10-20C°. This improvement in impact
properties was maintained after heat treatment at tempera-
tures up to 750°C.

Heat treating the mild steels at higher temperatures
resulted in a deterioration in impact properties, the
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transition temperatures increasing by lOCOZfor-thegIQW'
strength mild steel (Figure 5) and 20¢° for the higher
strength material (Figure 6). The number of Joules absorbed
at 0°C showed a corresponding decrease. It is worth noting
that in both cases the worst transition temperatures
observed, +5 and -10"C respectively, were still within the
range which can be expected for mild steels in the hot
rolled condition.

The heat treated samples of ASTM AS572 Grade 50 showed a
deterioration in impact trgnsition temperature after treat-
ment . in the range 600-700"C, the maximum ITT‘Obssrved being
+10°C after heating for 4 hours at 650°C. At 750°C, the
tragsition temperature decreased markedly to =3 QC, around
15C” lower than the original levels. Above 750°°C, the
trangition temperatures increased and aftSr heating to
10007C, they were at a similar level, -10"C, to the values
in the hot rolled condition.

4.3 Microstructures

The microstructural changes, if any, that had occurred as

a result of the fire simulation heat treatments were
assessed. The mean ferrite grain size and the percentage

of phases other than ferrite were measured on selected
samples using standard metallographic techniques (Tables 5
and 6). Typical examples of the microstructural changes are
shown in Figure 8.

- DISCUSSION

The factors which control the properties of mild and micro-
alloyed steels are well understood and a detailed discussion
of this topic is beyond the scope of this report. The main
factors are alloy content, ferrite grain size and, in the
case of a steel microalloyed with vanadium (or niobium),

the amount, size and distribution of the carbide and

nitride (or carbonitride) precipitates within the ferrite
grains. In general terms, the effects of these factors on
‘properties can be summarised as follows:

Decreasing ferrite grain size,‘increases'strength and
improves notch toughness.

Increasing precipitation hardening, increases strength but
"has an adverse effect on notch toughness.

—6-
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Bearing these effects in mind, the changes in mechanical
properties of the Grade 43A type mild steels, the Grade 50

‘ktype microalloyed steel and the wrought iron as a result of

the fire simulation heat treatments (ie. exposures to
temperatures up to 1000°C) can be explained using well
established metallurgical principles.

5.1 Grade 43A Mild Steels

~In the as received,hot rolled condition, the two mild steels
-had similar microstructures consisting of ferréte and pear-

lite. After heating to temperatures up to 600°C, there was
no change in strength or notch toughness nor were there any
changes in microstructure (Table 5).

For temperatures above 600°¢ up to the A; temperature of

7237C some initial loss of strength was observed.. This was

due to the microstructural change known as spheroidisation.
Although no phase changes occur in this temperature range,
heating for perlods of one hour or longer causes the
cementite (Fe3C) in the lamellar pearlite to coalesce within
the ferrite into spheroidal particles which coarsen with
time.

"At temperatures above 723°C, the pearlite transformed to

austenite and any remaining ferrite grains would coarsen

~usually in an irregular manner. ©On air cooling, the

austenite transformed to ferrite and pearlite but the
coarser ferrite structure was retained. .

On heating the samples above the A3 temperatures, the steels

~transformed to relatively coarse grained austenite which

continued to coarsen with increasing time and temperature
and resulted on cooling in a coarse grained ferrite(and
Widmanstatten ferrite) and pearlite microstructure. The
loss of strength and deterioration in 1mpact properties

were maintained.

As rolled, the high strength Grade 43A mild steel had a
finer ferrite grain size than the low strength steel which
together with the differences in carbon (hence pearlite)
and manganese accounted for the higher strength. However,
this grain size difference meant that the grain coarsening
in the two mild steels after heating at temperatures in
excess of 700°C had a consequently greater deleterious
effect on the properties of the higher strength steel.

5.2 Grade 50 Type Steel
Microalloved with Vanadium

In the as received, hot rolled condition, the steel micro-
alloyed with vanadium had a ferrite/pearlite microstructure

~with a similar ferrite graln size to the Grade 43A steel. 1In

.
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common with the mild steels no changes in the mechanical
Properties~orfmicrostructure-werefobgerved after the heat
treatmentg at temperatures up to 600°C. For temperatures
above 600°C up to 723°C, the loss in strength was due to
spheroidisation and some initial coarsening of the vanadium
carbide and nitride precipitates. ' ‘

In the austenite plus ferrite region abovey723°C, the
precipitates would continue to coarsen within the ferrite
grains which themselves would coarsen in an irregular
manner, the precipitates providing some pinning of the grain
boundaries. The carbides within the austenite would then
begin to dissolve. On cooling, the austenite transformed
to ferrite and pearlite and the relatively coarse grained
ferrite was retained. The precipitation hardening effects
were minimal with a two-fold result, a marked loss in
strength together with a significant improvement in impact
properties. In thls case, the minimum strength and impact
tragsition temperatures were observed after heating at
800~C. o

At 900°C,~the steel was above its A5 temperature and fully
austenitic. All the vanadium carbide would be taken into
solid solution and some vanadium nitride might begin to
dissolve. The austenite grain boundaries, pinned by the
nitrides, remained relatively fine grained. On cooling,

the vanadium carbide reprecipitated in the ferrite grains
which together with the relatively fine grain size resulted
in the increase in strength. ,The impact properties showed
only a slight deterioration since the increased precipitation
hardening was offset by the decrease in grain size.

A further increase in strength due to precipitation harden-
ing was observed after heating to 10007C since at this
temperature all the vanadium carbide and nitride precipitates
would dissolve in the austenite and then reprecipitate on
cooling as vanadium carbonitride which would offset the
effect of austenite grain growth. The increased precipitation
hardening and increase in grain size resulted in an :
increase in impact transition temperatures which, in this
case, returned to the levels observed in the as-received
sample.

nd

5.3 Wrought Iron

In the as received condition, the microstructure of the
wrought iron consisted entirely of ferrite of mixed grain
size. Large amounts of slag and other inclusiong were

also present. Heating at temperatures up to. 9007C resulted
in an increase in ferrite grain size which was retained on
cooling and would be expected to result in a loss of
strength. However, the samples tested showed a slight
increase in strength even though the grain size had
increased. This strength increase might be attributable to
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the variation from sample to sample in the size and
distribution of the slag and inclusions or some feature
associated with the high phosphorus level. A secondary
hardening effect due to phosphorus has been observed in
normalised and tempered ferrite-pearlite steels with much
lower phosphorus contents (up to 0.07%).

CONCLUSIONS

A series of laboratory based heat treatments have been
carried out to examine the effects of fire damage on the
mechanical properties of structural steels. The effects
of temperature and time at temperature on strength and
notch toughness after cooling back to room temperature
have been studied for two BS4360 Grade 43A type mild steels,
a Grade 50 type steel microalloyed with vanadium and a
wrought iron. Heat treatments were also carried out _on a
Grade 43A steel using fast heating rates (up to 200¢°/min).
and slower cooling rates (around 20C~/min). The micro-
structural changes, if any, as a result of the fire
simulation heat treatments were also assessed.

1) No deterioration in strength or notch toughness
occgrred after heating to temperatures up to
600°C.

2) Above 600°C, the materials showed differing

behaviour depending on quality and for the Grade
43A type steels, original strength level. A drop
in strength was observed after heating to these
temperatures but in the worst case this was only
40 N/mm2 below the minimum specified yield stress
requirement. All values were still well in
excess of the maximum allowable design stresses
given in BS449:Part 2. However, under these
conditions, it is likely that the steelwork would
be severely distorted or have collapsed.

3) The Grade 43A steel heat treated at 800-900°C
using fast heating rates and slower cooling rates
showed similar behaviour to the mild steels heat
treated at similar temperatures under conventional
laboratory conditions.

4) . The changes in mechanical properties as a result
of the fire simulation heat treatments have been
explained using established metallurgical
principles.
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7 , RECOMMENDATIONS FOR FUTURE: WORK |

Similar heat treatment programmes should be carrled out on
the two remaining steel types which are widely used in the
construction industry. These are BS4360 Grade 50B micro-
alloyed with niobium and the high strength weather resistant
proprietry grade, COR-TEN, which contains additions of

chromium, copper, vanadlum and aluminium.

Research Manhager:

J Lessells

Product Applications Group Author: D G Lapwood
Teesside Laboratories

P O Box 74 Rails and Sections
Ladgate Lane

MIDDLESBROUGH Manager: R R Preston
Cleveland

TS8 9EG
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CHARPY V-NOTCH IMPACT PROPERTIES OF LOW STRENGTH

MILD STEEL SUBJECTED TO LABORATORY HEAT TREATMENTS
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CHARPY V-NOTCH IMPACT PROPERTIES OF ASTM AS72
GRADE 50 STEEL SUBJECTED TO LABORATORY HEAT
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RS YS TS %E1l
No. N/mm N/mm - 200mm HEAT TREATMENT*
783D
281 431 26 None. Tests on as-rolled
_ : angle
274 430 26
783A
246 403 24 Heated to 906°c @ 150¢®/min.,
' removed at once and cooled in
, vermiculite @ 17C /min. in
250 405 25 range 906-650°C
783B :

241 405 24 Heated to 920°C @ 240¢®/min.,
removed at once and cooled in
vermiculite @_ 20¢®/min. in

238 406 24 range 920-650°C .

254 403 26 Heated to 806°c @ 154c®/min.,
removed at once ang cooled in
vermiculite @_  20C~/min. in

261 412 26

range 806-650°C

[ ST

* Heat treated samples removed

from vermiculite.athSOOOC

50x50x6émm GRADE 43A ANGLES - FIRE SIMULATION
HEAT TREATMENTS WITH MODIFIED HEATING AND
COOLING RATES -~ TENSILE RESULTS

TABLE 4
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1 FERRITE |
TIME | TEIMP. GRAIN SIZE % %
QUALITY CONDITION ‘ 3 — - \ I
h C a(pms | a T lmm ) PEARLITE NIDMANSTATTENl
Low Strength As Received - - 1847 7.3 14 - 1
Mild steel Heat Treated 1 500 | 19.56 7.1 12 - i
700 | 18.3 7.4 16¢17 -
300 23.3 5.3 11 -
4 500 19.4 7,2 12 -
700 | 20.9 6.9 13t -
900 23.4 6.5 16 -
|
Migh Strength As Received - - 11.0 9.5 23 -
Miid Steel - - . -
854360 Grade 43A Heat Treated 1 500 12,7 8.9 17 .
500 13.0 8.2 16 ] -
700 | 13.1 8.7 1501 -
800 13.0 3.3 12 - i
900 § 17.2 7.6 22 2 ]
a | 500 | 12.0 9.1 15 ; - |
500 12.0 9.1 18 - |
200 | 15.1 8.1 151 - |
800 15.2 8,1 15 - |
t 1600 19.1 7.2 18 3 I
! 1
{ |
Micreallayed As Recelved - | - 11.9 9.2 23 - J
Steal - ASTM ] | - _
7575 Srade 50 ! Heat Treated 1 6800 11.3 3.4 23(1)
: 700 9.3 10.4 22 - |
. 200 10.3 9.8 16 - |
4 600 10.2 9.9 23 - :
700 | 12.0 9.1 21t - !
900 13.1 3.7 20 11
-
Wrought Iron As Recelved - - e - NLl - !
Heat Treated 1 500 14,27 S.4 Nil - |
700 - - Nil - ]
| 900 46.02 4,7 : Nil - ]
Notes: {1} Spherocidised pearlite

(2) All the wrought iron samples had mixed ferrite graln sizes.
In only two cases was Lt possible to obtain approximate values.

RESULTS OF METALLCGRAPHIC ASSESSMENT OF SELECTED HEAT TREATED
SAMPLES

TABLE
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FERRITE GRAIN SIZE

RS o
/ HEAT TREATMENT
— —X
No. 3 (um) T o) PEARLITE
??fn 13.6 8.6 16 None. As rolled
783A Heated to 906°C
(2) 19.1 7.2 L3 @ lSOgO/min., cooled
@ 17C /min.
783R Heated to 920°C
>
(1) 20.7 7.0 15 ® 204¢%/min., cooled
@ 20¢c®/min.
O
783C 15.8 8.0 11 Heated to 806°C

(1)

@ 154go/min., cocled
@ 20C Cmin.

RESULTS OF METALLOGRAPHIC ASSESSMENT COF GRADE
43A ANGLES SUBJECTED TO HEAT TREATMENTS WITH
MCODIFIED HEATING AND COCLING RATES

TABLE &
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EFFECT OF LABORATORY HEAT TREATMENTS ON STRENGTH

PROPERTIES OF A LOW STRENGTH MILD STEEL

FIGUR
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EFFECT OF LABORATORY HEAT TREATMENTS ON STRENGTH

PROPERTIES OF A HIGH STRENGTH BS4360 GRADE 43A STEEL

FIGURE 2
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EFFECT OF LABORATORY HEAT TREATMENTS ON STRENGTH
PROPERTIES OF AN ASTM A572 GRADE 50 STEEL

FIGURE
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OF A HIGH STRENGTH BS4360 GRADE 43A STEEL
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T/R5/1189/8/80/C

Hot rolled condition -
showing lamellar

pearlite

After 1 hour at 700°C -
showing partially

spheroidised pearlite

After 4 hours at 700°C -
showing completely

spheroidised pearlite

EXAMPLES OF MICROSTRUCTURAL CHANGES WHICH OCCURRED
AS A RESULT OF LABORATORY HEAT TREATMENTS SIMULATING
FIRE DAMAGE
x4K FIGURE 8





