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Abstract: Safety matches are at the very core of modern civilization, playing an unnoticed but vastly important part 
in everyday human activities since the middle of the 19th century. Although the general public is hardly aware of the 
strict and complex requirements that matches are expected to meet, it takes careful chemical engineering to control 
the match microstructure in a way that guarantees safe and reliable operation. In this contribution we summarize 
results obtained in this fi eld by the cooperation of a match manufacturer and two Hungarian universities.
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Introduction
The ability to light and control a fi re was absolutely essential for the evolution of the human 
civilization as we know it now. Curiously enough, a simple, reliable, portable fi re lighting 
device was missing from the toolbox of mankind even long after some other crucial discover-
ies were made. Columbus, Galileo, Newton, Lavoisier, Euler and Watt have all made their 
milestone contributions to a world where the ancient fl int-steel-tinder method was still the 
best available fi re-making technology. In the fi rst half of the 19th century reliable but danger-
ous and poisonous matches utilizing excess amounts of sulphur, potassium chlorate, sulfuric 
acid or white phosphorous were developed independently by several inventors. The main 
steps towards the safety match of today were the introduction of the friction ignition method 
(Walker, 1826), the noiseless match (Irinyi, 1836) and the replacement of white phosphorous 
by phosphorous sesquisulfi de and later by red phosphorous at the end of the 19th century1.

According to the relevant European standard EN 1783:19972 a “match” is a stem tipped 
in combustible material that provides support during ignition and the fuel for its continued 
burning, and a “safety match” is a match that can only be ignited by being struck against a 
complementary composition to that of the head on part of the match container. It follows 
from this defi nition that the performance of a safety match is determined by three subsys-
tems: (i) the stem, (ii) the match head and (iii) the friction surface. The microstructure of all 
three elements must be controlled precisely in order to manufacture an acceptable safety 
match.

Let us now review the requirements imposed on matches by the EN 1783:1997 stan-
dard! First of all, a visual inspection is undertaken under precisely defi ned lighting conditions 
to check the contents, the containment and the ease of opening of the match container. Indi-
vidual match head shape and size must fall within preset limits. The striking performance is 
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assessed in pre-defi ned geometry and force strike experiments. Matches must ignite instantly 
and should not exhibit breakage or fracture prior to, or following, ignition. The fl ame must 
transfer from the head to the stem. Flame size and lifetime must meet the standard. Extin-
guished matches must not continue to glow for more than 4 s and the integrity of the burnt 
head must remain unbroken. Match containers are tested against friction surface loss and 
spontaneous ignition upon impact. Concerning environmental and toxicological require-
ments, safety matches are not allowed to release more than 7 mg of SO2 per gram of head 
composition, release heavy metals upon leaching with HNO3 above predefi ned threshold 
levels and the EC(l)50 value of matches in water using the organism Daphnia magna Straus 
must be greater than 10 of matches per liter of water.

In the course of our work we investigated the possibilities of improving the performance 
of safety matches produced in the Szeged facility of the Europe Match GmbH match manu-
facturer from the microstructure controlling point of view. Stem impregnation, head compo-
sition microstructure and friction surface structure were optimized independently and the 
results were incorporated into the current product line of the manufacturer.

1. Experimental
1.1. Stem impregnation

Several poplar veneer clones were examined: Robusta poplar (Populus robusta), Pannonia 
poplar (Populus euramerivana cv. ‘Pannonia’) (Fig. 1), Villafranca (Populus spp. cv. ‘Vil-
lafranca’), and as control Italian poplar (Populus euramericana cv. ‘I-214’). 

Raw materials for experiments were paraffi n and an impregnating solution (fi re retar-
dant), which were provided by Europe Match GmbH., thus the laboratory experiments could 
be performed using the same chemicals as used in industrial conditions. Impregnation of 
veneer was made by full immersion into the impregnating media: an aqueous solution of di-
ammonium phosphate.

Figure 1. Cross-section of veneer species Pannonia popular
In the laboratory experiments the veneer samples made from selected clones were fi rst 
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conditioned to the moisture equilibrium of 12% and then fully immersed into fi re retardant 
solution in Petri dish for 20 seconds.  At the industrial scale the selected species were fed in 
the production process. In this case the average moisture content of veneer was 48.15%, be-
cause no drying is applied in technology.

1.2. Head composition and friction surface studies

Industrial grade chemicals used in the laboratory experiments were provided by Europe 
Match GmbH to maximize the similarity between laboratory and process conditions. Addi-
tional chemicals were purchased from Sigma-Aldrich in analytical reagent grade and used 
without further purifi cation.

Optical microscopy images were recorded on a Motic stereomicroscope equipped with 
a 3 MPixel digital camera. Scanning electron microscopy (SEM) was performed on a Hitachi 
S-4700 Type II cold fi eld emission unit equipped with a Röntec Quantax energy dispersive 
spectrometer (EDS).

2. Results and discussion
2.1. Stem impregnation

The aim of impregnation is to hinder the post glow of match and to disable smoldering. In 
case of wooden match stems this standard requirement can only be met with careful planning 
since (i) wood itself is prone to smoldering and (ii) matches are dipped into paraffi n pre-
cisely to facilitate the fl ame transfer from the ignited head to the stem. Therefore, wooden 
stems are impregnated with diammonium phosphate. The effi ciency of this impregnation step 
directly infl uences the achievable production capacity of the factory and therefore, the micro-
structure of the wood must be optimized.

Wood itself is a very complex polymer system, where main chemical components are 
cellulose, lignin and polyoses. Besides these depending on species and cultivation site differ-
ent extractives can be found in wood. These together determine the chemical, physical and 
mechanical properties of wood3.

Based on micellary theory chemical components build up the microfi brillas and then the 
fi brillas in nano structural scale. From these is set up the microstructure of wood: the cells, 
which are vessels (trachea), parenchym cells, libriform fi bers, sclerenchymas, ray cells, and 
in case of conifers tracheidas and resin pockets. These make up annual rings, rays, bark and 
in some cases sapwood and heart wood, all together the macroscopic structure of wood4.

Cellulose builds up the reinforcing structure of cell walls in plants. Its amount in wood 
is 40–50%. The polymerisation degree (DP) of cellulose macromolecule can be even 10 000, 
and it has a linear form. Its quality determines greatly the strength properties of wood5. Lig-
nin has the largest share in plants as aromatic chemical. Its amount in wood is around 20–
40%. It works as matrix material in wood, it fi lls the spaces between fi brils and the structure 
of cellulose and polyoses. It increases the mechanical resistivity of cell walls. There is a big 
difference between conifers and hardwood species regarding the lignin of living and solidi-
fi ed parts (early and late wood)5. Their amount of polyoses in wood is around 20–35% and 
they were formerly called hemicelluloses. These can be considered as tra nsitions between the 
crystallic cellulose and the amorphous lignin. Polyoses are built up from pentose, hexose, 
hexuron acids and dezoxi-hexose. The polyoses are named generally after the carbonhydrates 
in their main chain. The most common polyoses are xylane, mannan, glykan and galactan.  
Polyoses can react with mineral salts and turn into simple sugars. The type and amount of 
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polyoses in conifers and in hardwood species might be differ very much. For example in 
hardwood species a typical polyose is methyl-glycono-mannan with an amount of 20–35% 
and with a polymerisation degree of 100–200. Furthermore 3–5% glyco-mannan can be 
found in hardwood with polymerisation degree of 60–70. The amount of galactan can be 
10–25%.5 Wood also contains such chemicals in minor amount that can be easily dissolved 
in water or in organic solvents. These are called extractives and can be phenols or polyphe-
nols, terpenes and resins and also sugars, fats, waxes, alkaloids and more.

During match production the veneer is dipped fully into the fi re retardant solution, so the 
phenomenon can be described as immersion wetting. There are different stages of immersion 
during dipping which were examined by Bartell6. Initially there is no contact between liquid 
and solid element at all. If the element’s volume is considered to one unit, its base touches the 
surface of the liquid in step I. This is actually the adhesion wetting, described by Dupré-
equation. In step II the element is partly dipped into the liquid. It is the dipping wetting, 
where immersion work can be defi ned (Wm), hence only instead of solid surface a solid-liquid 
interface will be established, i.e. the surface of liquid does not change. In step III the element 
immerses completely into the liquid (like in case of veneer for box match), the whole surface 
of element will be wetted. The work WS of this process is actually the spreading tension (σ). 
Here the solid surface ceases and a solid-liquid interface will be established instead. Bartell 
called this spreading wetting7.

Table 1. Diammonium phosphate impregnation properties of veneer species

Veneer species Diammonium phosphate uptake (weight %)

In laboratory In technology

Italian poplar ‘I-214’ 27.3 17,5

Pannonia poplar 47.8 35.4

Robusta poplar 31.8 17.8

Villafranca poplar 29.7 15.0

Diammonium phosphate impregnation results summarized in Table 1 show that only 
Pannonia poplar had a signifi cantly higher adsorption value among the examined species. 
Robusta poplar’s and Villafranca poplar’s values are very similar to the recently used Italian 
poplar’s. The reason for higher liquid adsorption is the relative higher pore volume of Pan-
nonia poplar, which might be concluded from tissue structure caused by cultivation site spe-
cialties.

Hence during laboratory tests conditioned test pieces were used and in case of techno-
logical process no veneer drying is applied before impregnation, the moisture content was 
there much higher, and because of this the adsorbed amount of impregnation solution was 
smaller. It is because the wood fi bers already contained free water between cells and in their 
cell lumen so the ability to accept further molecules was smaller.
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2.2. Head composition microstructure

Match heads have complex chemical compositions consisting of more than 15 different ma-
terials, each with its special contribution to meeting the overall goal of EN 1783:1997 com-
patibility. While some chemicals like red phosphorous and potassium chlorate are considered 
standard in contemporary match production, others are varied to a considerable extent by 
various manufacturers. Silica supports are the most important representatives of the latter 
group because they are responsible for (i) head surface roughness control, (ii) head internal 
colloidal structure and (iii) head air trapping capacity. These three goals can only be achieved 
by creating a support mixture consisting of different silicates. 

We identifi ed three silicate candidates of differing microstructure for use in the opti-
mized silica support mixture. Representative SEM images of silicates A, B and C are de-
picted in Figure 2.

Figure 2. Representative SEM images of silicates A, B and C used in the head composition optimization

The optimal ratio of the three silicates in the head composition was determined by using 
the three level Box-Behnken experimental design with one center point described in Table 2. 
Factors were defi ned as the loading of the individual silicates in the total head composition 
and the target response function was the long-term stability of the head composition as de-
fi ned by equation 1.

Response = 100% ×
ρmix – ρref (1)

ρref

where ρmix and ρref denote the head composition density change over 24 hours for the 
tested and a reference head composition, respectively. It can be seen from Table 2 that the 
moderate amount of A component and maximized amount of B and C components yields the 
most stable head composition (run #12).

It adds to the match head complexity signifi cantly that besides fi nding the optimal load-
ings, it is also necessary to control the particle size distribution of the individual constituents. 
This is especially important in an industrial environment where raw material suppliers may 
make internal changes to their production technology without notifying the end user. The 
cumulative particle size distribution (PSD) function of silicate C from two different purchase 
batches is compared in Figure 3. to the initial reference PSD function.
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Table 2. Results of Box-Behnken optimization of the silicate contents of match heads

Run # A loading (%) B loading (%) C loading (%) Response (%)

1 1 0 5 –98

2 10 0 5 29

3 1 5 5 –16

4 10 5 5 13

5 1 2.5 2 –52

6 10 2.5 2 39

7 1 2.5 8 17

8 10 2.5 8 44

9 5.5 0 2 –16

10 5.5 5 2 8

11 5.5 0 8 20

12 5.5 5 8 45

13 5.5 2.5 5 36

Figure 3. Cumulative particle size distribution curves corresponding to 
different supply batches of silicate C

It is clear from Figure 3 that while all batches have met the specifi cation set by the 
manufacturer, later batches consisted of signifi cantly larger particles than the originally sam-
pled material. It is also worth noting that PSD data determined by the supplier and by our 
own measurements are not in suffi cient agreement.
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These fi ndings have far-reaching consequences on the performance of the matches inso-
far as the silicate particle size determines the microstructure of the match head. In Figure 4 
optical and SEM micrographs of match heads prepared using the original (left-hand side) and 
batch #2 (right-hand side) silicate C are depicted. The visible difference in the void distribu-
tion microstructure resulted in 18% difference in the ignition time of the two match heads 
that were of the same gross chemical composition.

Figure 4. Optical micrographs (top) and SEM (bottom) images of match heads prepared using original silicate C 
material (left) and silicate C from batch #2 (right)

2.3. Friction surface structure

The friction surface printed on matchboxes contains red phosphorous and various silicates. 
It must be able to ignite safety match heads swiftly and must be able to retain this ability 
throughout the lifetime of the matchbox. The microstructure of the friction surface is directly 
responsible for both the performance and the esthetical quality of a matchbox. In Figure 5 
optical micrographs and SEM images of unused (left) and used (right) friction surfaces are 
depicted. The unused surface is compact and structured down to the 20 micron level, where-
as the used surface is unevenly eroded. The friction surface suffers signifi cant material loss 
during use and therefore, its components must also comply with the relevant health and 
safety regulations for particulate matter release. 
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Figure 5. Optical micrographs (top) and SEM images (bottom) 
of fresh (left) and used (right) matchbox friction surfaces

3. Conclusions
In this contribution we demonstrated the importance of microstructure control in all three 
major components of a contemporary safety match system: the wooden stem, the head and 
the friction surface. We conclude that even if the chemical composition of the product is 
fully optimized, it is necessary to continuously monitor the morphology of the components 
and that of the fi nal product because changes in the microstructure have a direct infl uence on 
the performance and standard conformity of safety matches. 
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