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The firefighting ladders belong to essential tools used by members of the Fire Rescue Service of the Czech Republic.
In the past, wooden ladders were used although their applicability and duration were strongly limited. Formerly
used wooden ladders were then replaced with steel-made. However, the weight of such ladders caused big problems
during the firefighting and therefore an aluminium ladders made of AA 6063 alloy are nowadays used. The ladders
are however susceptible to thermal effects during firefighting and may reduce its mechanical properties. The
present paper reports the microstructural change of two different ladders both made of AA 6063 alloy when
annealed at different temperatures and duration. Both the ladders showed almost similar behaviour reaching the
highest decrease in theirs TYS and UTS when exposed to a temperature of 400 °C reducing its initial TYS of 229

MPa for ladder no.1 and 237 MPa for ladder no.2 down to 71 MPa and 81 MPa, respectively.
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1 Introduction

So far, the aluminium alloys are more often used in
applications that were in past devoted mainly to steel-
based materials. This is allowed by a good combination
offering sufficient strengths while reducing the overall
weight since the aluminium-based alloys are in general
characterized by a relatively low density [1-7]. The group
of Al alloys commonly described as AA6xxx belongs to
the materials most widely utilized for production of a
wide branch of products, mainly by hot-extrusion, which
also includes firefighter ladders. They are usually used for
different profiles in the construction industry, in aero-
space [8-10] and automotive industry (chassis frame in
Volvo, Jeep and BMW 5-series, body panels) [2, 11, 12]
as well as it is suitable for the production of different de-
corative objects due to relatively easy anodization. The
alloys are low-alloyed with Mg and Si in total amounts of
only a few tenths of a percent. The low content of alloying
elements increases the strength and hardness due to the
formation of Mg,Si precipitates and simultaneously
increase the welding capability of these alloys [8, 13].

The alloys in this group are usually prepared by mel-
ting and quick casting that suppress the undesirable se-
gregation of alloying elements. Consequentially, a homo-
genization annealing is implemented to reduce any unde-
sirable microsegregation within the ingot. The prepared
alloy is then preheated and hot extruded through the
working tool with a shape of a future product. Prepared
profiles are then thermally treated which consist of solu-
tion annealing consequential rapid water quenching and
slow artificial ageing to increase the mechanical proper-
ties due to precipitation of Mg,Si particles within the a-
Al grain interior. Since the process of thermal treatment
tends to yield the maxima in properties, the change in
temperature as well in a duration of the process may sig-
nificantly influence the resulting properties. Considering
the typical application of firefighter ladders, subsequen-
tial exposure to elevated temperatures might completely
change the properties of such crucial equipment leading

to potentially life-threatening situations. Therefore, pre-
sent work describes the influence of elevated temperatu-
res onto the microstructure and mechanical properties of
two firefighter ladders both made of AA6063 alloy.

2 Expertimental

Two types of firefighter ladders (further denoted as
ladder no.1 and no.2) were supplied to perform the tests
to evaluate the exposure to elevated temperatures onto
mechanical properties. The ladder no.l already
experienced real conditions during his 8-year service at a
fire brigade. This ladder was equipped with latches that
were attached to the ladder side rails by three rivets on
each side. On the other hand, the ladder no.2 was a brand
new piece of equipment that has not been used in action.
Considering the main differences in both the ladders,
ladder no.2 had latches attached to the side rails by welds.
This was the main difference in both the ladders that
might be used to distinguish them. Another difference
was in the ladder profiles which are shown in Fig. 1.
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Fig. 1 The profile of both ladder side rails used for
investigations: a) ladder no.1; b) ladder no.2.
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As is evident, the ladder no.l had a much simpler
profile consisting of only one chamber forming the
majority of the ladder. In comparison, the profile of
ladder no.2 was much more complex consisting of three
chambers including one in the centre and two smaller on
both sides of the rails. Both the ladders were made of Al
6063 alloy which chemical composition (in wt.%)
determined by Glow discharge optical emission

spectroscopy (GDOES, Horriba Jobin Yvon Profiler 3) is
shown in Tab. 1. One can see, that the content of Mg was
in the case of ladder no.1 even lower that is prescribed in
the technical description for the AA6063 alloy. The rest
of the elements did not exceed the prescribed limits.
Although this results, repeated measurement on different
place corrected the results toward to prescribed
compositions.

Tab. 1 The chemical composition of both firefighter ladders used for investigations (in wt.%) compared to the nominal

composition of the AA6063 alloy

Element [in wt.%]

Sample

Al Mg Si Fe Mn Ti
Ladder no.1 bal. 0.42 0.37 0.2 0.05 0.02
Ladder no.2 bal. 0.47 0.37 0.2 0.04 0.02
Nominal composition of AA6063 bal. 0.45-0.9 0.2-0.6 max0.35 max 0.1 maxO0.l

The rails were cut to obtain samples which were used
either to investigate the microstructure as well to evaluate
the influence of annealing which was done in
temperatures ranging from 150 to 400 °C onto
mechanical properties. The samples were exposed to
these temperatures for several minutes to several hours as
the temperature of annealing decreased from 400 °C
towards to 150 °C. Annealed samples were examined for
hardness change (accordingly to CSN EN ISO 6506-1)
using Brinell hardness measuring device with steel ball
2.5 mm in diameter and load of 62.5 kg. The same
samples were also investigated for microstructural
changes during annealing by light microscopy (LM,
Olympus PME-3) and scanning electron microscopy
(SEM, Tescan VEGA 3-LMU, 20 kV, SE+BSE
detectors) equipped with an energy dispersion
spectrometer (EDS, Oxford Instruments, 20 mm2). For
this purpose, cross-sections were prepared by
subsequential grinding on SiC papers marked as P120-
P4000 and polished with diamond paste. The samples
were subsequently etched in Keller’s reagent (2.5 ml
HNO3s, 1.5 ml HCI, 1 ml HF, 96 ml H>O) and then in
Weck’s reagent (4 g of KMnOs, 1 g of NaOH, 100 ml
H,0). Time the samples spent immersed in each reagent
was as short as possible and did not exceed in total 5s.
The dog-bone shaped samples prepared for tensile tests at
laboratory temperature were cut from the side rails of
each ladder. Their dimension fulfilled the prescribed
parameters accordingly to CSN EN ISO 6892-1. For this
purpose, a universal testing machine was used with a
strain speed of 0.001 s

3 Results and discussion
3.1 Microstructure

The LM micrographs of both the as-received ladders
made of AA6063 alloy (see Fig. 2 and Fig. 3), which
chemical composition determined by GDOES is shown in
Tab. 1, showed a presence of large polyhedral a-Al grains
and small phases which were homogeneously distributed
in the a-Al grains interior. Based on the data available in
scientific publications, the present phases shall be
composed of Mg,Si precipitates and of rod-shaped
Al(FeMn)Si. The present large polyhedral a-Al grains

suggested fully recrystallized microstructure of the side
rails in both the ladders. Thus, since we do not know the
exact thermal treatment, the microstructural observations
provided evident indications that temperature was high
enough to eliminate the texture caused by extrusion
supporting the growth of polyhedral a-Al grains.
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Both the ladders showed microstructural coarsening
as the temperature and duration of annealing increases.
When exposed to temperatures of 200 °C, the
microstructural coarsening was the slowest and both the
ladders remained almost the same a-Al grain size even
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when exposed up to 240 min. However, the
microstructure coarsened when the time of annealing at
200 °C was prolonged up to 480 min showing a presence
of larger a-Al grains approximately 70 um in diameter.
Exposure to a higher temperature of 300 °C resulted in a
size increase of a-Al grains growing up to 80 um in
diameter already after 5 min exposure and than retained
the same size even when exposed for the total duration of
360 min. The annealing at the highest temperature of 400
°C resulted in the highest increase in a-Al grain sizes that
were newly approximately 170 pm in size after 30 min of
exposure. Simultaneously, Mg,Si precipitates, as well as
the Al(FeMn)Si phases coarsened as the time or
temperature of annealing increased up to higher values.
Both the ladders showed the same behaviour and thus, the
results for the ladder no.2 are not shown.
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Fig. 3 LM micrographs of the ladder no.2 after heat
treatment.

One can see, that the a-Al grain growth, considering
the standard deviation displayed as error bar, was lower
in the case of samples annealed up to 300 °C. However,
both the ladders significantly changed o-Al grain sizes
when exposed to 400 °C at least for 30 minutes. From this
point of view, temperatures above 400 °C are
significantly dangerous since the exposure to such
temperatures quickly changes the microstructure-related
properties like tensile yield strength (TYS) and ultimate
tensile strength (UTS) of both the ladders.

300

250

E

=200

S

2 150

-]

8

gr 100

4

= 50
0 > L () (] < < < <
o & ™~ s Mo N~Mo © Ny O o
FE T T s Ffs s afFfssesd
S AT NTFTETNIFTSTEF DY
S T TF I T NS NS ».h?é‘

Fig. 4 Grain size development (in um) in the ladder no.l
during annealing at temperatures ranging from 200 °C
to 400 °C and a different time.

On the other hand, the precipitate growth and the
change in their dislocation-interaction mechanism
degrade the properties of ladders made of AA6063 alloy
even at much lower temperatures.

More detailed SEM micrographs (Fig. 5) revealed the
presence of both the phases, namely of the Al(FeMn)Si
phase, which actual chemical composition vary due to the
background effect. On the other hand, the presence of
Mg,Si phases was highly controversial since it tends to
dissolve during etching leaving small dimples in the a-Al
grain interior.

as received

25 pm

Fig. 5 The SEM micrographs of the ladder no.1: a) in as
received state; b) after 5 min annealing at 400 °C with
marked points of SEM+EDS analysis which results are

shown in Tab. 2

The results of SEM+EDS point analysis of present
phases (see Fig. 5b) in the ladder no.1 which has been
annealed at 400 °C for 5 min are shown in Tab. 2. The
analysis of bright rod-shaped particles confirmed the
increased concentration of Fe (up to 5.3 at.%) and Si (up
to 3.9 at.%) although the influence of surrounding area
highly affected the results. Regarding the common data
available in the literature, these phases were identified as
Al(FeMn)Si. Presence of Mg,Si precipitates has not been
observed since they dissolved during two-step etching.
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Tab. 2 The results of the SEM+EDS point analysis of phases marked in Fig. 5

Element concentration [at.%]

Point no.
Mg Al Si Mn Fe
1 0.4 89.7 3.9 0.7 53
2 0.6 94.0 1.8 0.9 2.6
3 0.5 97.6 0.8 0.7 0.4
4 0.6 98.4 0.7 0.4 0.0
5 0.4 97.9 0.8 0.6 0.2

The Mg,Si precipitates were observed on the fracture
surface of the ladder no.1 sample that was annealed at 400
°C for 30 min. These precipitates with an average
dimension of approximately 5 pm were located at the tip
of the present micro-dimples as is shown in Fig. 6. Since

the dimples were also small in their diameter, the EDS
analysis was highly time-consuming. Thus, the
investigations of present Mg,Si precipitates was done
using transmission electron microscopy (not shown).

Fig. 6 The SEM micrographs and SEM+EDS element distribution maps of the ladder no.l fracture surface that has
been annealed at 400 °C for 30 min. (white rectangles point at places with possible occurrence of Mg>Si phases)

3.2 Mechanical properties change during annealing

Both the ladders were investigated for mechanical
properties change during annealing. For this purpose, the
Brinell hardness change was the first indication of the
microstructural changes during annealing. Based on the
results of hardness measurements (see Fig. 7), the
samples were consequentially investigated for
microstructure and tensile tested. The hardness measure-
ments were done until the sample did not change their
hardness during at least 3 consequential time periods.
From this point of view, it is clearly visible, that the lad-
ders annealed at a temperature of 150 °C were tested for
the longest period reaching up to 7680 min while the
samples annealed at 400 °C were tested only up to 30 min
already reducing their hardness by more than 50%.

One can also see, that the ladder no.2 hardened during
annealing at 150 °C suggesting further precipitation har-
dening. This behaviour corresponds to the state of the lad-
der, which was supplied completely new. In comparison,

the lad-der no.1 already experienced 8 years of heavy
workload which could either thermally influence the lad-
der itself while such long period might lead to sponta-
neous ageing. Therefore, the effect of hardening was in
case of ladder no.2 almost negligible.

The thermal conductivity of the Al 6063 alloys is 218
W-K'm! (234 W-K'm! correspond for 99.5% Al) ac-
cording to [1] and thus, evident exposure to elevated tem-
peratures on a local scale may affect a larger piece of lad-
der even beyond the area which was in direct contact with
clearly seen flames. More importantly, the highest danger
is that the firemen are equipped with special gloves, coats
and many other life-protecting gears which can withstand
temperatures of approximately 200-300 °C without ge-
tting noticed by a person wearing them. Such a problem
may increase the total duration the ladder was exposed to
temperatures of 200 and higher which lowers the mecha-
nical properties of a ladder and increases the risk of sud-
den life-threatening failure during an emergency situ-
ation.
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Fig. 7 The HBW change during annealing at temperatures ranging from 150 °C to 400 °C of the: a) ladder no.1; b)
ladder no.2

The similar trend was also observed during tensile
tests performed at laboratory temperatures. Both the lad-
ders showed TYS and UTS in its as received state rea-
ching 229 MPa (237 MPa for ladder no.2) and 250 MPa
(268 MPa for ladder no.2), respectively. The annealing
affected this values tremendously reducing both proper-
ties down when exposed (even for 5 min) to temperatures

reaching 400 °C. Considering the main purpose of fire-
fighter ladders that should retain its structural properties,
reduction of TYS down to 44 MPa seems to be a very
serious life-threatening hazard. Both the ladders also re-
duced its TYS and UTS when exposed to relatively lower
temperatures of 300 °C, although the reduction was
lower.

Tensile properties

Ladder State
TYS [MPa] UTS [MPa] Tensile strain [% ]

as recieved 229 250 119
200 °C/120 min 212 244 10.2
200 °C/240 min 211 234 9.2

ol 200 °C/480 min 192 215 8.5
300 °C/5 min 182 212 9.6
300 °C/30 min 70 123 14.5
400 °C/5 min 71 130 13.2
400 °C/30 min 44 112 25.6
as recieved 237 268 10.3
200 °C/120 min* 219 242 10.4

0.2 300 °C/5 min 187 216 10.7
300 °C/120 min* 75 131 12.3
400 °C/5 min 81 137 11.6
400 °C/120 min* 59 147 21.7

Fig. 8 Results of the tensile stress-strain tests of both ladders corresponding to its state. *data obtained from [14]

4 Conclusion

Both the ladders were almost identical in their
chemical composition although the processing route
during its manufacturing was probably different. The
microstructure of both the ladders was composed of

polyhedral a-Al grains and of smaller particles
corresponding to Mg»Si precipitates and of rod-shaped
Al(FeMn)Si phases. The a-Al grains were fully
recrystallized while the smaller phases were elongated in
the extrusion direction. During the annealing, strong
microstructural coarsening was observed and this
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phenomenon further intensified as the annealing
temperature increases. The results showed that both the
ladders can withstand temperatures up to 200 °C even
when exposed for several hours. During this exposure, the
hardness and tensile properties are only slightly reduced
showing still good results. On the other hand, exposure to
temperatures of 300 °C even for 5 min influenced the
mechanical properties of both ladders. Exposure to even
higher temperatures drastically changes the properties
and ladders showed a steep drop in their properties.

Acknowledgement

Authors wish to thank the Ministry of Interior
(project: Safety improvement of extension ladders for
firefighters - VI120162020021) for the financial
support of this research.

References

[1] WANG, Z.X., WANG, Y.Q.; et al. (2018) Tests
and parametric analysis of aluminum alloy bolted
joints of different material types. In: Construction
and Building Materials, Vol. 185, No., pp. 589-
599.

[2] CAL Y., WANG, X.-S., YUAN, S.-J. (2018) Qu-
antitative analysis of orange peel during tension of
6063 alloy spun tubes. In: Transactions of Nonfer-
rous Metals Society of China, Vol. 28, No. 5, pp.
858-865.

[3] SKOLAKOVA, A., NOVAK, P.; et al. (2016)
Microstructure and mechanical properties of Al-
Si-Fe-X alloys. In: Materials and Design, Vol.
107, No., pp. 491-502.

[4] SHANMUGASUNDARAM, A., ARUL, S,
SELLAMUTHU, R. (2018) Investigating the
Effect of WC on the Hardness and Wear Behavior
of Surface Modified AA 6063. In: Materials
Today: Proceedings, Vol. 5, No. 2, Part 2, pp.
6579-6587.

[5] PRUSA,F., VOITECH, D.; etal. (2015) Structure
and mechanical properties of Al-Si—Fe alloys pre-
pared by short-term mechanical alloying and spark
plasma sintering. In: Materials & Design, Vol. 75,
No., pp. 65-75.

(6]

[10]

[12]

[13]

PRIng, F., VOITECH, D. (2013) Mechanical
properties and thermal stability of Al-23Si-8Fe-
ICr and Al-23Si-8Fe-5Mn alloys prepared by
powder metallurgy. In: Materials Science and En-
gineering: A, Vol. 565, No. 0, pp. 13-20.

PRUSA, F., BLAHOVA, M; et al. (2016) High-
Strength Ultra-Fine-Grained Hypereutectic Al-Si-
Fe-X (X = Cr, Mn) Alloys Prepared by Short-
Term Mechanical Alloying and Spark Plasma Sin-
tering. In: Materials, Vol. 9, No. 12, pp. 973.

GUO, B., ZHANG, Z., LI, R. (2018) Ultrasonic
and eddy current non-destructive evaluation for
property assessment of 6063 aluminum alloy. In:
NDT & E International, Vol. 93, No., pp. 34-39.

SKOLAKOVA, A., NOVAK, P.; et al. (2017)
Structure and mechanical properties of Al-Cu-Fe-
X alloys with excellent thermal stability. In: Ma-
terials, Vol. 10, No. 11, pp.

PAKDEL, A., WITECKA, A.; et al. (2018) A
comprehensive analysis of extrusion behavior,
microstructural evolution, and mechanical proper-
ties of 6063 Al-B4C composites produced by se-
misolid stir casting. In: Materials Science and En-
gineering: A, Vol. 721, No., pp. 28-37.

SASHANK, J.S., SAMPATH, P.; et al. (2018)
Effects of friction stir welding on microstructure
and mechanical properties of 6063 aluminium
alloy. In: Materials Today: Proceedings, Vol. 5,
No. 2, Part 2, pp. 8348-8353.

PRUSA, F., VOJTECH, D.; et al. (2015) Mecha-
nical alloying: A way how to improve properties
of aluminium alloys. In: Manufacturing Techno-
logy, Vol. 15, No. 6, pp. 1036-1043.

DARIUSZ, L. (2018) New original method and
device for testing aluminum alloys susceptibility
for extrusion welding. In: Archives of Civil and
Mechanical Engineering, Vol. 18, No. 4, pp.
1491-1505.

KUBASEK, J., VOJTECH, D., DVORSKY, D.
(2017) Structure and mechanical properties of
aluminium alloy sampled from a firefighter lad-
der. In: Manufacturing Technology, Vol. 17, No.
6, pp. 876-881.

10.21062/ujep/182.2018/a/1213-2489/MT/18/5/811

Copyright © 2018. Published by Manufacturing Technology. All rights reserved.

816

indexed on: http://www.scopus.com



