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Abstract 

This study focuses on the extensive archaeometallurgical characterization of a suit of an exceptional 

armour belonging to the “Musée du Vieux-Château” in Laval (France). Except for the helmet, its 

morphological features correspond to a rare Italian-style equipment dated from the 15thcentury. 

However, its exact origin is unknown. Metallurgical investigations made on a set of samples revealed 

that the armour was made of various ferrous alloys, submitted to different heat treatments. 

Particular craftsmanship has been implemented on some elements of the armour such as the 

backplate involving both quenching to harden the metal and the use of a “banded steel”, combining 

several sheets of metal with different properties, which could have been achieved to provide better 

defensive properties. These results were combined with a thorough provenance analysis of the metal 

by considering the composition of Slag Inclusions (SI), revealing three different metal supply sources 

for the different pieces of the suit. Two defences were made of a metal whose chemical signature is 

compatible with the Italian Alps while three others have a common chemical signature, compatible 

with another group of Italian-style defences, already studied. The provenance study reinforces the 

hypothesis of a link between several parts of the armour. More broadly, the results give new insight 

in the fabrication of Italian-fashion suit of armour and provide crucial data for establishing the 

chemical signature of metal supplies employed by the armourers’ workshops.   

Keywords: Archaeometallurgy, armour, ferrous alloys, provenance study, Middle Ages   

1. Introduction 

At the end of Middle Ages, armour was still essential to war practices which gave it a prominent 

place in the fighting. The best protection was a complete suit of armour [1–3]. While the adjustment 

of the armour to its wearer was crucial to guarantee its protection, other aspects, especially 

metallurgical ones, were also of paramount importance. Indeed, the nature and heat treatment of 

the metal played a key role on its mechanical properties, and thus on the effectiveness of an armour.  
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Written sources give valuable information regarding the workshops organisation [4–6], however they 

often remain silent on the ancient technical skills or choices made by the armorers when making 

such pieces. Archaeometallurgical studies can provide crucial information on these issues. 

Investigations were already made on single pieces of European armours dated from the Middle Ages 

and the Modern Period for several decades [7,8,17,9–16], mostly on isolated pieces as homogenous 

complete armour is rare [18].  That being said, some studies were performed on complete suits of 

armour [7,9,14,15] but very few on suits of armour dated from the 15th century due to the scarcity of 

pieces from this period.  

Another interesting aspect, not covered previously on suit of armour, relies on the origin of the metal 

used. Ancient processes and especially the bloomery process for transforming ore into metal have 

been thoroughly studied. It has been demonstrated that the chemical signature of a production area 

can be characterized by the chemical composition of the ore and slag, this latter found as waste at 

the production site. A small part of this slag remains entrapped in the metal in the form of non-

metallic inclusion called “Slag Inclusion”, still carrying the chemical signature of the production area 

[19,20]. Thus, by studying the chemical composition of SI both in major [21–23] and lithophile trace 

elements [24–29], it is possible to investigate the provenance of ferrous alloys. This approach has 

been recently tailored to the particularly small SIs found in armour [30] allowing henceforth to shed 

light on the choices made by the armourers with regards to raw supplies.  

The study focuses on the investigation of a composite horseman armour (see Figure 1) belonging to 

the “Musée du Vieux-Château” (Laval, France), and currently on display at the “Musée de l’Auditoire” 

(Sainte-Suzanne, France).  The armour is associated with the siege imposed on the fortress of Sainte-

Susanne in 1425 by Salisbury however its origin is unknown [31]. The armour was restored and 

reassembled at the Musée de l'Armée in 2005-2006 to improve its overall consistency, although it is 

likely to be composed from parts that did not belong together originally and some of the elements 

like the upper plate of the breastplate are unfortunately missing. Morphological features  of the 

helmet refer to a defence dated from the first half of the 14th century while the other parts seems 

rather to correspond to an equipment dated around 1440, slightly posterior to the siege [31]. 

Nevertheless, the armour of Laval constitutes a valuable and rare defensive equipment of the end of 

Middle Ages. Furthermore, if the piece did not bear any recognizable mark of a workshop, its style 

could be related to an Italian and possibly a Milanese production [31]. However, during the Middle 

Ages, the style of famous production centres (such as the one of Milanese armour), was deliberately 

imitated in other European armourer centres, highlighting a renowned production technique or a 

particular shape of the piece [32]. Hence, the armour of Laval could also be an imitation of Italian 

production or made by Italian armourers established outside of northern Italy. Indeed, armorers 

from Lombardy, were strongly encouraged to come to settle in other centres, such as in Tours at the 

instigation of Charles VII, to develop the arms production during the 15th century [33,34]. Ambroise 

de Loré, a prestigious captain of Charles VII, defended the fortress of Sainte-Suzanne [35]. It seems 

likely that he may have found supplies of arms and armour in Tours. Consequently, in the absence of 

written sources on the history of the armour of Laval, the question of its origin remains.  

 

2. Research aim  

Although incomplete and at least partly composite, according to its morphological features the 

armour of Laval is one of the rare evidences of the 15th century defensive equipment preserved in 

France. However, there is no historical data or workshop mark to specify its origin and manufacturing 
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process. Thus, our objective was to study both the nature and the chemical signature of the metal to 

provide new information regarding the consistency of this artefact as a whole and expand our 

knowledge of the history of 15th century armour making. Specifically, the study presents first the 

results of metallographic analyses and hardness measurement on a broad set of samples aimed to 

give insight into the quality of the material used. It, then, combines these results with a thorough 

provenance analysis, of the metal involving the quantification of trace elements in SI.   

3. Material and methods 

Eleven samples were taken (see Figure 1), at least one on each defence, with a diamond-coated 

blade using a rotary cutting tool and avoiding applying the cutting wheel with excessive force or 

during long passes while checking that no colour change of the metal was visible to prevent 

overheating the metal. Sampling size and location were decided to best preserve the integrity of the 

armour while ensuring the representativeness of the results. Thus, the most damaged places have 

been avoided and sample size was fixed about 7mm long and 3mm wide, the thickness of the sample 

corresponding to the thickness of the armour plate. On the backplate made in three parts (two 

lateral plates covering the flanks, and a central one), three different samples were collected.  

 

 

Figure 1 – Armour of Laval, number of samples and elements of the armour sampled 
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3.1. Metallographic analysis 

Samples were mounted in cross section in epoxy resin and polished using SiC abrasive papers (grade 

180-4000), followed by a final polishing using Struers diamond polishing medium 3 µm and 1 µm.  

Then, metallographic etching with Nital 3% and Oberhoffer’s reagent were performed, to reveal 

possible welding lines, carbon and phosphorus contents.  Microstructures were studied by using an 

OLYMPUS optical microscope (model BX51).  Carbon content was evaluated by image analysis using 

Adobe Photoshop and Adobe Illustrator, excluding quenched structures where this parameter can’t 

be accurately estimated by metallography.  An average carbon content weighted by the surface (  , 

see Eq.1) and its relative standard deviation (σ, see Eq.2) were calculated following the protocol 

proposed by Pagès et al., and completed by Leroy et al., [36,37].  

          
    (Eq.1) 

                 
     (Eq.2) 

Where    is the proportion assigned to each of the carbon rate groups on the sample surface and    

the mean value of each carbon rate groups (0.02 < wt%C < 0.1, 0.1 < wt%C < 0.3, 0.3 < wt%C < 0.5, 

0.5 < wt%C < 0.7). To describe the carbon content heterogeneity four categories were defined: very 

homogeneous (σ = 0), homogeneous (σ between 0 and 0.1), slightly heterogeneous (σ between 0.1 

and 0.2) and heterogeneous (σ above than 0.2).  

Depending of the their content and size, SI are likely to weaken the microstructure locally and 

consequently influence the mechanical behaviour [38]. The amount of SI (PI) in the metal is then an 

important parameter linked to the quality of the metal. It was estimated by quantifying the surface 

fraction of SI on micrograph of the entire sample before etching using Adobe Photoshop.  Following 

the method developed by L’Héritier et al., [39] (see Eq.3), the relative error of the calculation was 

estimated to be lower than 20%.   

   
  

    
  (Eq.3) 

Where    is the proportion of SIs,      the total surface of the sample.  

Vickers microhardness analyses were performed using a tester (BUEHLER VH3300 model) load 200 g 

during 10 sec, unless otherwise specified. Profiles of at least 10 measurements were made on each 

sample. An average (Hvmean), and the standard deviation (Hvsd) were calculated.  

WDS measurement  were also conducted on the metallic part (SX 100 CAMECA, accelerating voltage 

15kV, current probe about 200nA at ICMPE lab, Thiais, France), to confirm the presence of 

phosphorus and other minor elements (As, Si, Mn, Co, Ni, Cr, Cu). 

3.2. Slag Inclusions analysis 

After a repolishing of the sample, the major compositions of the SI were estimated using Energy 

Dispersive Spectrometry (EDX with silicon drift detector - SDD) coupled to a Scanning Electron 

Microscope (SEM-FEG JEOL 7001-F). A probe current of about 8 nA and a 15 kV accelerating voltage 

were used.  The protocol described in Bérard et al, [30] was followed to detect the SI by image 
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analysis using the software Aztec (Oxford company), and measure the compositions of each SI on the 

whole surface of the sample.  Concentrations were estimated after normalization of the total signal 

(considered to be 100%), of the set of major elements known as major components of iron slags (O, 

Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Fe, Mn).  Then, according to the procedure proposed by 

Dillmann and L’Héritier [19] and completed by Disser et al [40], only SI related to the smelting slag 

were selected.  Those SI present constant “Non Reduced Coupounds” (NRCs) ratios (%K2O/%CaO, 

%MgO/%Al2O3, %Al2O3/%SiO2) [19], contrary to other inclusion families created by the use of fluxes 

during forging stages or by fragmentation of the SI. After identifying SI coming from the smelting, an 

average weighted major element content was calculated per artefact [19]. By considering the area of 

each SI, this transformation evaluates a ‘‘surface weighted average composition’’ of all the inclusions 

coming from an entire sample, hence facilitating the comparisons between the samples (see Eq.4).  

          
  

  
 
      (Eq.4) 

Where    the average weighted content for all the inclusions of an artefact coming from the 

smelting stage,     is the composition of a given inclusion,    the surface of the inclusion analysed, 

   the sum of all the inclusion surfaces. Then, to avoid disturbance due to matrix effects 

(overrepresentation of Fe), a sub compositional ratio was calculated for each oxide [40] according to 

the following formula (see Eq.5).    

     
        

          (Eq.5) 

 

After checking that the identified SI families have a composition compatible with the bloomery 

process (see Supplementary Information)[19,40], a dozen of SI per cross section were selected to be 

analysed by LA-ICP-MS. Analyses were performed at the Centre Ernest- Babelon-IRAMAT (Orleans, 

France) with a sector field ICP-MS Element XR (Thermo Scientific) coupled to an excimer laser (ArF*, 

193 nm, RESOlution S155-E, Resonetics). We followed the methodology described in Bérard et al. 

[30], proposed for the calculation of relative concentration of trace element in small slag inclusions 

(<30µm) commonly found in armour samples.  

3.3. Methodology for identifying a provenance 

Among the trace elements measured, only a restricted set could be quantified with an acceptable 

accuracy of measurement at the concentrations observed in the samples: Y, Nb, La, Ce, Nd, Sm, Eu, 

Yb, Hf, Th, U. This set of elements was selected to compare the chemical signatures between the 

samples using multivariate analyses. SIs that contain at least one of these elements below the 

quantification limit (10 × SD) have been excluded. To ensure scale-invariant representations of trace 

elements, a log-ratio data transformation already used for the purpose of ancient ferrous 

alloys provenance study [25,26] was applied (see Eq.6)  

            
 

 
          

 
     (Eq.6) 

Where:    is the transformed value for each element,     is the measured element 

concentration and N = 11  

To compare the trace element compositions, a multivariate approach implementing a Principal 

Component Analysis (PCA) [23,26] was used. To determine the provenance of the armour pieces 
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supposed to be of Italian manufacture, comparisons were made with two dataset : the ores and slags 

from the Lombard area studied by Leroy [41] and the group of Italian-style armour published in 

Bérard et al., [30]  with the Italian Alps data. The dataset corresponding to the artefacts from Italian 

Alps and the one corresponding to SI in armour present different kind of material analysed (ores and 

slags versus SI) and  size (a dozen of SI analyses for each armour sample, up to about fifty analyses of 

slags and ores for the Lombard area). Furthermore, the results of the PCA analysis may be dominated 

by the largest dataset (Lombard area). Consequently, it was decided to compare interpretations 

made with PCA with another approach [23,25,37]: Linear Discrimination Analysis (LDA). Contrary to 

PCA, this method is a supervised classification approach and has been used, in this study, to 

graphically maximize the separation between the groups. Calculation and graphs were made using R 

software and the "factoextra" and "MASS" libraries for the implementation of the PCA and LDA 

methods. 

4. Results  

4.1. Nature of the metal 

The microstructures of the samples studied are presented on Figure 2, a summary of the results is 

presented on Table 1. The different pieces of the armour present various metallurgical 

microstructures. Samples STS_1 (helmet), STS_3 (breastplate), STS_4 (backplate), STS_5 (left 

pauldron), STS_6 (backplate), STS_8 (rerebrace) present a ferrito-pearlitic steel structure with 

variable carbon contents. The pearlite, mostly spheroidized for sample STS_1, and partly 

spheroidized for samples STS_3 and STS_5 (Figure 3) shows that the metal was heated during an 

extended period of time around 700°C. Widmanstätten structures, appearing in medium carbon steel 

as a result of overheating the metal at high temperature (austenitic domain) followed by a fairly  

rapid cooling, were found on samples STS_1, STS_3,  STS_4 , STS_6,  and STS_8.  

Samples STS_4 and STS_6 present similar microstructures, composed of two bands of different 

carbon content. The transition between the two areas is highlighted by a carbon gradient running 

from 0.8% to 0.1% and a clear drop in hardness. It could be a “randomly” arrangement of the initial 

heterogeneity of the bloom transformed into sheet. Another hypothesis is that a case carburisation 

has been made. Lastly, it could also be related to a voluntary welding made between two sheets of 

metal. Arguments in favour of the latter hypothesis are available in the Supplementary Information 

presenting the analyses of the compositions of the SI. 

 

Table 1 - Main results of the metallographic investigation 

Sample 

number 
Defence Microstructure    σ PI (%) Hvmean Hvsd Quench 

Phosphoric 

iron 

STS_1 Helmet 

Ferrite and mostly 

spheroidized pearlite 

Widmanstätten 

structures 

0.31 0.15 
Slightly 

heterogeneous 
0.2 261 47   

STS_2 Couter Ferrite and carbides 0.06 0 
Very 

homogeneous 
1.8 148 10   

STS_3 Breastplate 

Ferrite and partly 

spheroidized pearlite 

Widmanstätten 

structures 

0.54 0.21 Heterogeneous 1.0 172 40   

STS_4 
Backplate 

(lateral plate) 

Ferrite and pearlite 

Widmanstätten 
0.54 0.22 Heterogeneous 1.1 219 55   
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structures 

STS_5 Left pauldron 
Ferrite and partly 

spheroidized pearlite 
0.4 0 

Very 

homogeneous 
1.6 191 13   

STS_6 
Backplate 

(lateral plate) 

Ferrite and pearlite 

Widmanstätten 

structures 

0.55 0.27 Heterogeneous 0.5 238 80   

STS_7 
Right 

pauldron 
Ferrite and carbides 0.06 0 

Very 

homogeneous 
1.5 198 13   

STS_8 Rerebrace 

Ferrite and pearlite 

Widmanstätten 

structures 

0.54 0.09 Homogeneous 1.8 203 24   

STS_9 Helmet 
Ferrite and pearlite  

Ghost structures 
0.06 0 

Very 

homogeneous 
1.5 222 48  X 

STS_10 Faulds Pearlite 0.8 0 
Very 

homogeneous 
0.6 327 26   

STS_11 

Backplate 

(central 

plate) 

Ferrite, pearlite, 

bainite and/or 

martensite 

>0.3 - - 0.6 390 109 X  
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Figure 2 – « STS_1 »,« STS_2 », « STS_3 », « STS_4 », « STS_5 », « STS_6 », « STS_7 », « STS_9 », « STS_10 », « STS_11 »,  
microstructures observed and hardness profile (m=200g) observed after etching with Nital reactant 3%, « STS_9 » 

microstructure observed and hardness profile (m=20g) after etching with Oberhoffer reactant.  

Sample STS_10 taken from the faulds, has a microstructure with a higher carbon content (around 

0.8%), showing a distortion of grains. This suggests that the metal was not annealed to allow a grain 

recrystallisation after shaping the plate.  

Samples STS_2 (couter) and STS_7 (right pauldron) show both a structure of ferrite with a few 

globular carbides. Given its mainly ferrite microstructure, the sample STS_7 presents a relatively high 

hardness (around 200 Hv for an expected value around 80). Unexpected high hardness of ferrite was 

also highlighted by other authors in armour samples [9,42]. In our case, it could be explained by the 

presence of hardening elements inside of the metal, however WDS measurements conducted 

revealed very low concentrations for the minor elements sought in the metal (%wt<0.1 for P As, Si, 

Mn, Co, Ni, Cr, Cu). Another hypothesis is that a quenching was made followed by an age-hardening 

(quench aging). Such heat treatment could lead to the formation of sub-micrometric hardening 

carbides [43–45]. However, it remains conjectural and will need to be confirmed by further research. 

The sample taken from the central plate of the backplate (STS_11) presents quenched structures 

(martensite and bainite) observed in the middle (Figure 3), while the extremities are composed of a 

ferrito-pearlitic microstructure. The interface between the bands is clearly marked on one side by a 

sharp drop in hardness from 450 to 300Hv. The precise mode of heat treatment leading to such 

heterogenous structure remain conjectural. It may  be attributed to the heterogeneity in carbon 

content of the steel quenched [16,46].    

Finally, the last sample STS_9 (helmet -) is classified as a phosphoric iron. The etching made with 

Oberhoffer’s reagent revealed two main banded structures, one richer in phosphorus than the other 
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(see Figure 2). The separation between the two areas is showing by a net drop in hardness of about 

250 to 150Hv, as well as a difference in grain size (>200µm in the phosphorus part and <100µm in the 

other part of the sample). At the extreme edge of the sample the hardness increases again, entering 

a new phosphorus-rich area.  

Overall, the average hardness values range between 148 and 390Hv. The highest values were found 

on samples taken from the faulds (Hv= 327), showing a distortion of grain (STS_10) and from the 

central part of the backplate (Hv= 390), quenched (STS_11). The amount of SI (PI) in the metal is 

systematically below 2%, as it could be expected for artefacts highly manufactured as sheets [15].  

 

 

Figure 3 -« A » detail showing ferrite and partly spheroidized pearlite for sample STS_3,  « B » detail showing martensite 
and/or bainite for sample STS_11 

4.2. Metal provenance 

Six samples (STS_3, STS_4, STS_6, STS_7, STS_8, STS_10) met the conditions necessary to identifying 

provenance based on a multivariate approach i.e., they were compatible with the bloomery process 

and had a sufficient number of slag inclusions that could be analyzed to perform a statistical analysis. 

For the other samples the reduction process is undetermined (STS_1, STS_2,  STS_5) or trace element 

quantification was possible on a too low number of SI (≤ 3 SI for STS_9, STS_11).  

Figure 4 summarizes the main results of the Principal Component Analysis made on the analysed SIs. 

Only the two first components, showing more than 90% of the variance are presented (other 

components are available in Supplementary Information. Three groups are distinguished. Samples 

STS_7 and STS_8 are isolated from each other and from the rest of the samples STS_3, STS_4, STS_6 

and STS_10 taken respectively from the breastplate, the backplate and the faulds, and forming a 

cluster (despite some inclusions of STS_10 are out of this cluster).   
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Figure 4 – “A” : PCA carried out on the transformed data of SI projected onto PC1 and PC2, “B” : PCA carried out on the 
transformed data of SI for the armour of Laval and the Italian armour samples projected onto PC1 and PC2 

Then, we tested by PCA the compatibility of the chemical signature of the different pieces of armours 

with the Italian-style armour dataset analysed by Bérard et al. [30] (both data from the Laval armour 

and from Italian-styles armours are considered together in the PCA analysis). The chemical signature 

of samples STS_3, STS_4, STS_6 and STS_10 cannot be separated from the group of Italian armour on 

all the PCA projection planes (see Figure 6 and supplementary Information).  

Slag and ores from the  Lombard area as published by Leroy et al [41] are characterised by rich Ba 

(average: 4690 µg.g-1) and Mn (average: 5 wt%) contents. As shown on Figure 5, the composition of 

SI from the Laval armour samples shows comparable amounts for these two elements with the 
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Italian Alps. This is a first indication of chemical compatibility with this area which needs to be 

confirmed by comparing trace elements ratios.   

 

Figure 5 -Comparison of Ba and Mn contents of the SI originating from the Laval armour samples and from the Lombard 
area. 

Following the same PCA approach the chemical signatures of the Laval armour samples have been 

compared with the Lombard area. As described in Bérard et al. [30], samples from the Lombard 

database present unfortunately one or several elements below detection limits. In order to avoid 

eliminating analyses bearing important information regarding the provenance, we chose to replace 

the non-quantified element by half their limit of detection. Figure 6 shows the projection of the PCA 

results on the two first components. The chemical signature of samples STS_7 and STS_8 are mixed 

with the Lombard area, while samples STS_3, STS_4, STS_6 and STS_10 are distinguished from the 

latter.  

 

Figure 6 –PCA carried out on the transformed data of SI for the armour of Laval and the slags and ores from the Lombard 
area projected onto PC1 and PC2.  

Consequently, the Lombard area may be considered as potential iron supplier for samples STS_8 and 

STS_7. To confirm this hypothesis, a PCA and LDA were carried out on the Lombard area and the 

samples STS_7, then STS_8 alone. Results on Figure 7 show that SI from samples STS_7 and STS_8 are 

compatible with the production area on all the PCA projection planes (see Figure 7  and 
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Supplementary Information). LDA confirms this result for sample STS_7. Despite LDA tends to 

maximize group separation, it is not possible to separate the data of the SI from the one of the 

Lombard area. Sample STS_8 remains relatively close, by comparison to those of samples already 

determined as being incompatible with the Lombard area, such as sample STS_10. Consequently, 

given the results of both PCA and LDA, the chemical compatibility of STS_8 with the Lombard area 

was considered as likely. 

 

Figure 7 – “A”: PCA carried out on the transformed data of SI for the sample STS_7 and the Lombard area projected onto 
PC1 and PC2 ; “B”: LDA carried out on the transformed data of SI for the sample STS_7 and the Lombard area projected 
onto LD1; C”: PCA carried out on the transformed data of SI for the sample STS_8 and the Lombard area projected onto 
PC1 and PC2 ; “D”: LDA carried out on the transformed data of SI for the sample STS_8 and the Lombard area projected 

onto LD1 ; “E”: LDA carried out on the transformed data of SI for the sample STS_10 and the Lombard area projected 
onto LD1 
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5. Discussion 

Figure 8 summarizes all the results of the metallographic and provenance studies. 

 

Figure 8 – Summary of the metallographic («A»), hardness («B») and provenance («C») results (ie., ore and slags from the 
Lombard area and SIs from Italian style armour pieces, see  [30]) 

The helmet, which is supposed to be more ancient (14th century [31]) than the other parts of the 

armour given its morphological features, differs from the other elements, as it was made with 

phosphoric iron. However, the other sample taken (STS_1) on the same piece but at a different 

location do not show evidence of phosphorus. This suggests that the sheet of metal used to shape 
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the helmet was not necessarily homogeneous and may have been realized by combining several 

initial pieces of metal from different provenances welded together.  

For the other pieces of the suit, all stylistically dated from the same period, all the samples are 

composed of carburized material (%C>0.2), except two defences (right pauldron and couter). The 

backplate of the armour have been forged with a particular craftsmanship. The two samples located 

on the lateral parts (samples STS_4 and STS_6) show a specific microstructure, combining two sheets 

of metal with different ductility called in this study a banded steel. Banded metal structures have 

already been identified in others studies focusing on metallographic examinations on armour plates 

[7,9,15]. They could be related to the heterogeneity of the semi product used to make the sheet. 

However, in our case, the carbon gradient running from 0.8% to 0.1% strongly suggests that a 

deliberate act has been made such as a case carburisation or welding two sheets of metal.  This 

fabrication choice could have been made for technical reasons or for recycling purposes in the case 

of the welding [39,47]. Ideally, to improve the effectiveness of the armour, the metal should have 

combined two properties: being hard enough to deflect the cut of edged weapons and ductile 

enough to absorb the impact of projectiles weapons. Thus, this structure could be the result of a 

compromise made by the armourer between ductility and hardness. De Reuck et al., [48], had 

already highlighted this dilemma on breastplates made in the 17th century constituted of several 

“thin sheets of wrought iron, kept separate but forged together” to protect against firearms. Others 

mentions in written sources dated from the end of Middle Ages could refer to layered metal 

structures. The armorers regulations in Nuremberg specified that the armour should be made from 

“not less than half-steel material” (“nicht anders denn von halb stählernem Zeug”)[49]. Although 

further studies must be conducted to conclude, it is possible that this “half-steel material” 

corresponds to a particular product, composed of a mixture of iron and steel, used for armour 

making. Another, term "harnoys complet souldé " (“complete welded harness”)  was  noted by 

several authors [33,50,51]. The interpretation of this term should be considered with caution, but it 

could refer to a specific type of suit of armour, or armour-making. Baptiste assumed that it could be 

related to an armour made with material consisting of several sheets of metal welded together [51]. 

His hypothesis is supported by delamination observed over the entire surface of some pieces of 

armour which could be evidence of a welding revealed by the corrosion process over time. While the 

metallographic study realized on the backplate of the armour of Laval could illustrate such practice, 

further research should be made on a broader number of armours showing such structures to 

confirm this hypothesis, by examining the metallographic structure of the metal.  

Contrary to the lateral parts, the central plate of the backplate (STS_11) is constituted of a quenched 

structure showing the highest hardness (>300) of the suit with the faulds (STS_10, Figure 8, «B»), 

constituted of carburized material showing a significant distortion of grains. This result illustrates 

that a similar hardness could be reached by different means (the selection of metal and/or its heat 

treatment). The same argument could be put forward for the helmet (where phosphorus acts as a 

hardener to reach the hardness of steel structures) and the pauldrons. The benefits of a high 

hardness (>300) for the backplate and the faulds are not obvious, the same for the selection of metal 

regarding the pauldrons.  Indeed, the left one was most exposed during a charge, and if it is made of 

steel, the hardness of the metal is of the same rough size as the right pauldron composed mostly of 

ferrite and carbides. In the case of the horseman “AVANT” armour (preserved at the Glasgow City 

Museum) studied by Williams and dated from the same period [9], the contrary was observed from 

the metallographic structure. Thus, more comparisons with pieces of the same type would be 

needed to conclude.  
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The heterogeneities of microstructure and heat treatment observed may, in a first approach, suggest 

the involvement of several armourers and/or workshops to produce the suit of armour. This 

hypothesis is also supported by the presence of at least three metal supplies.  

The involvement of several craftsmen for the manufacture of a complete armour seems likely, 

whether they work in the same workshop or in several, in the case of a contractual arrangement. In 

northern Italy, this hypothesis is supported by the presence of different stamped marks on the 

various parts of an homogeneous armour, which indicate the work of different craftsmen [4,5]. The 

Laval armour do not unfortunately bear any mark. Thus, another hypothesis is that the armour is not 

a made-to-measure suit of armour and the different parts have been acquired in different places or 

time by its owner(s) or assembled later in the museum collection.  In that case, the right pauldron 

and the rerebrace might not originally belong to the rest of the armour. The right pauldron of the 

armour being fragmentary, a more detailed typological comparison could not be made with the left 

one to draw broader conclusions on the homogeneity of the armour. 

However, some evidences linked the armour with northern Italy. The right pauldron and the 

rerebrace have two different chemical signatures but both compatibles with the Lombard area. This 

result could reinforce the hypothesis of a Lombard origin of several parts of the armour. 

Nevertheless, it remains conjectural as Lombard steel was also traded outside Lombardy [5,52].  

Furthermore, the two lateral plates of the backplate, the breastplate and faulds form a single 

provenance group, suggesting that they may have been manufactured in the same area of 

production. Their chemical signature is compatible with the group of Italian-style armour studied by 

Bérard et al., but distinct from the Lombard area defined by Leroy et al., from slags and ores. As 

suggested by the authors, this does not exclude a Lombard origin for the metal as the low number of 

analysed slags for this area of production could be not completely representative of the chemical 

variation for the whole Lombardy. Furthermore, the fact that both sources (the one compatible with 

Italian-style armour and the ones compatible with ores and slags from Lombardy) is found on a same 

armour strengthens the hypothesis of a Lombard origin for the backplate, the breastplate and faulds. 

These metal supplies (and consequently the group of Italian-style armour studied by Bérard et al.) 

could thus reflect another part of the Lombard chemical signature.  

Finally, the difference in the nature of the metal, heat treatment and sources of supply observed for 

the Laval armour highlights the composite aspect of such pieces, not only in museum collections but 

also during its period of use. Indeed, an armour could have been made by several craftsmen, 

workshops and even acquired at different times and places by its owner on a second-hand market.  

 

6. Conclusions 

In the 15th c., a complete suit of armour was the best protection available, and its fabrication 

required a specific technical craftsmanship. However, pieces dated from this period are rare and 

therefore poorly studied from a metallurgical point of view.  This study focused on the material 

characterization of a composite suit of armour belonging to the « Musée du Vieux Château Laval » 

(France) and corresponding, except for the helmet , to an Italian-style equipment dated around 1440. 

Metallurgical investigations have revealed various microstructures suggesting several metal supplies 

and heat treatments. Particular craftsmanship was noted on some parts of the armour, especially on 

the backplate, involving quenching to harden the metal and the use of a banded steel, combining 

several sheets of metal with different mechanical properties that may have provide better defensive 

properties.  
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Despite the heterogeneities revealed from the nature of the metal, the provenance study reinforces 

the hypothesis of a link between several parts of the armour and northern Italy. Indeed, the right 

pauldron and the rerebrace have two different chemical signatures but both compatibles with the 

Lombard area defined by former studies, while the two lateral plates of the backplate, the 

breastplate and faulds form a single provenance group, compatible with the group of Italian-style 

armour studied by Bérard et al. This could suggest that these three elements were made in the same 

production area, linked to the manufacture of Italian-style armour, the exact location of which is 

unfortunately still unknown. Nevertheless, these results suggest that by tracking the sources of metal 

used by the armourer, it may be conceivable to establish, in the future, the types of metal supplies 

employed by a workshop and ultimately the chemical signature of a workshop or a set of workshops.  
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