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Abstract

The Chengyang City (城阳城) site in Xinyang, Henan Province, China, was a significant
northern military stronghold of the Chu state during the Warring States period (475/403–
221 BCE). The lacquered armor unearthed from Tomb M18 provides critical material evi‑
dence for studying ancient military technology and lacquer craftsmanship. In this study,
a comprehensive analytical approach combining ultra‑depth optical microscopy, Fourier‑
transform infrared spectroscopy (FTIR), confocal micro‑Raman spectroscopy, scanning
electron microscopy coupled with energy‑dispersive X‑ray spectroscopy (SEM‑EDS) and
pyrolysis–gas chromatography/mass spectrometry (Py‑GC/MS) were employed to system‑
atically characterize the structural and compositional features of the armor samples. The
results indicate that the armor was constructed with a leather substrate and lacked any
lacquer ash layer, while the surface exhibited multiple layers of mixed laccol and urushiol‑
based lacquer coatings. Cinnabar (HgS) was identified as the primary red pigment, and
no carbon black or iron‑based blackening agents were detected in the dark lacquer lay‑
ers. Notably, the presence of laccol suggests that such lacquer resources may have also
been produced in mainland China, offering new perspectives on the prevailing view that
associates laccol exclusively with “Vietnamese lacquer.” This study elucidates the techno‑
logical characteristics of mid‑Warring States period lacquered armor, provides scientific
insights into ancient lacquering techniques, and contributes valuable data for the conser‑
vation and restoration of similar cultural heritage artifacts.

Keywords: lacquered armor; Warring States period; Chengyang City site; lacquering tech‑
nology; cultural heritage conservation

1. Introduction
Lacquerware represents a distinctive category of organic composite materials within

East Asian traditional culture, with origins that can be traced back to the Neolithic pe‑
riod (circa 6000 BCE) [1]. China is recognized as the earliest civilization to invent and
systematically utilize natural lacquer [2–4], gradually establishing a sophisticated lacquer‑
ing tradition over thousands of years. Lacquer technology was extensively applied across
diverse domains, including daily utensils, ritual vessels, religious artifacts, and military
equipment [5–7]. In the context of military protective gear, the application of lacquer
not only substantially enhanced the durability and decorative qualities of objects but also
conveyed functions related to identity [8–10], hierarchical status, and cultural symbolism,
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reaching its zenith during the Warring States period and the Han dynasty. Among these
applications, lacquered armor stood out as an exemplary artifact that combined structural
integrity, protective functionality, and aesthetic refinement, reflecting the profound inte‑
gration of lacquering techniques with military practices (Figure 1).

Figure 1. Lacquered leather armor from the Warring States Chu state, excavated from the Tomb of
Marquis Yi of Zeng (Hubei Provincial Museum, China).

Compared with the systematic research on wooden‑body and fabric‑laminated lac‑
querware (jiazhutai, 夹纻胎), scientific analyses of lacquered armor constructed with
leather and other organic substrates remain relatively limited. On the one hand, such arti‑
facts are highly susceptible to deterioration during prolonged burial, which often leads to
severe structural fragmentation and severely compromised preservation. These conditions
pose considerable challenges for both sample acquisition and analytical investigation. On
the other hand, lacquered leather armor displays distinctive technological characteristics,
including complex layering sequences, specific material compositions, pigment selection
strategies, and particular requirements for substrate identification. These features necessi‑
tate comprehensive characterization through advanced scientific methodologies. Further‑
more, recent studies have shown that the catechol composition within lacquer films can
serve as a robust chemical proxy for tracing the provenance of lacquer resources, laying
a promising foundation for the development of archaeological lacquer chemistry as an
emerging subfield. This approach offers critical indicators for evaluating ancient manufac‑
turing practices, technological systems, and the circulation of raw materials [11,12].

This study focuses on a relatively well‑preserved fragment of lacquered leather ar‑
mor (sample no. 103‑12) excavated from Tomb M18 at the Chengyang City site in
Xinyang, Henan Province, central China [13–16]. A comprehensive suite of analytical
techniques—including ultra‑depth optical microscopy, scanning electron microscopy cou‑
pled with energy‑dispersive X‑ray spectroscopy (SEM‑EDS), Fourier‑transform infrared
spectroscopy (FTIR), confocal micro‑Raman spectroscopy (Raman), and pyrolysis–gas
chromatography/mass spectrometry (Py‑GC/MS)—were employed to systematically char‑
acterize the stratigraphic structure of the lacquer layers, material composition, pigment
types, and catechol profiles. The sample measures 11.8 cm in length and 7.4 cm in width,
with multiple circular perforations visible on its surface (Figure 2). The findings of this
study not only enhance the technological understanding of lacquered armor production
during the Warring States period in China but also provide valuable empirical evidence
for reconstructing lacquer resource provenance and advancing conservation strategies for
organic cultural heritage materials.
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Figure 2. Photograph of the lacquered leather armor samples: (a) lacquer film side; (b) leather sub‑
strate side.

2. Materials and Methods
2.1. Sample Preparation

Fragments of lacquered leather armor from Tomb M18 were cleaned in an ultrasonic
bath with ultrapure water for 10 min; this process was repeated three times until the so‑
lution was clear. They were rinsed, air‑dried, and stored overnight in a freezer below
0 ◦C. The next day, samples were freeze‑dried in a DYYB‑18 vacuum freeze dryer (Shang‑
hai Deyang Yibang Instrument Co., Ltd., Shanghai, China) for ~48 h. Dried samples were
sealed in labeled polyethylene bags and kept in a desiccator.

Epoxy resin and curing agent (Buehler, EpoThin 2, Epoxy Resin: 20‑3440‑128, Epoxy
Hardener: 20‑3442‑064) were mixed at a 2:1 ratio and degassed under vacuum. Samples
were placed in molds and embedded with the mixture, then cured for 24 h and demolded.
Cross‑sections were ground with 800‑grit paper to expose the layers, followed by sequen‑
tial polishing with 1000‑, 1500‑, 2000‑, and 3000‑grit papers (each applied twice). A polish‑
ing cloth was used for final finishing until the surface was smooth and free of scratches.

2.2. Analytical Methods
2.2.1. Microscopic Observation

A Zeiss Smartzoom 5 ultra‑depth optical microscope (Zeiss, Jena, Germany) was
used to examine the surfaces, backs, and cross‑sections of the lacquer film. Observations
were conducted at 34×–300× magnification with a transmitted LED stage light and ring
illumination.

2.2.2. SEM‑EDS Analysis

Lacquer film samples were analyzed using an Apreo S scanning electron microscope
(Thermo Scientific, Waltham, MA, USA) coupled with an X‑MAX20 energy‑dispersive
spectrometer (Oxford Instruments, Oxfordshire, UK). Dried lacquer film samples
(≤1.0 cm × 1.0 cm) were sputter‑coated with gold for 15 s. SEM‑EDS was performed at
10 kV accelerating voltage in low‑vacuum mode, with a working distance of 10–10.8 mm
and 4 nm resolution. High‑magnification images and elemental maps were obtained to
document microstructure and composition.

2.2.3. FTIR Analysis

Fourier transform infrared (FT‑IR) spectroscopy was conducted to analyze the molec‑
ular structural characteristics of the lacquer film samples using a LUMOS FT‑IR spectrom‑
eter (Bruker, Bremen, Germany). A small amount of lacquer was mixed with KBr (1:200),
ground, and pressed into pellets for transmission FTIR. ATRmeasurements were also con‑
ducted on the red lacquer of Sample 3. Residual material from the back of Sample 2 (a‑1,
a‑2) was analyzed for comparison. Conditions: 4000–600 cm−1 range, 4 cm−1 resolution,
16 scans.
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2.2.4. Raman Spectroscopy

An InViamicro‑Raman spectrometer (Renishaw, Gloucestershire, UK) was employed
for this purpose. Confocal micro‑Raman spectra were collected on red and dark brown lac‑
quer surfaces. Parameters: 50× objective, 785 nm laser, 1200 L/mmgrating, 100–2000 cm−1

range, 10 s exposure, 1 accumulation. The laser powerwas set to 0.5% of themaximumout‑
put (300 mW), and the actual laser power reaching the sample surface was approximately
450 µW.

2.2.5. Py‑GC/MS Analysis

Pyrolysis was performedwith a PY‑3030D pyrolyzer (Frontier Lab, Funabashi, Japan)
coupled to a GCMS‑QP2010Ultra (Shimadzu, Kyoto, Japan) using a DB‑5MS UI column
(20 m × 0.18 mm, 0.18 µm film). Pyrolysis furnace: 590 ◦C; injector and interface: 290 ◦C;
split ratio: 1:20. Oven program: 35 ◦C initial, ramped to 100 ◦C at 60 ◦C/min, to 250 ◦C
at 14 ◦C/min, and to 315 ◦C at 6 ◦C/min (hold 5 min). Helium carrier gas at 145.3 kPa.
EI ionization at 70 eV, scanning m/z 35–500. About 0.2 mg sample with 3 µL 25% TMAH
methanol was pyrolyzed after solvent absorption.

3. Results and Discussion
3.1. Structural Analysis of the Lacquered Armor

Opticalmicroscopy revealed that the surface of the samplewas covered by a relatively
smooth and glossy brown lacquer film with areas of red decorative painting. The reverse
side exhibited an unevenly colored, fibrous brownish network with a loose, interwoven
structure and weak cohesion between the fibers, consistent with residual substrate mate‑
rial from the original armor. Cross‑sectional observations showed that the lacquer film
had a total thickness of approximately 0.27 mm. In addition to the brown residues on the
back and an adjacent thicker lacquer layer (~0.07 mm), the stratigraphy comprised seven
alternating brown and black layers of varying thicknesses. The thicker layersmeasured ap‑
proximately 0.03–0.05 mm, while the thinner layers were about 0.01 mm (Figure 3). Based
on these stratigraphic characteristics, it can be inferred that the armor was produced by
directly applying multiple layers of lacquer onto the substrate without the use of an inter‑
mediate lacquer ash layer.

   
(a) (b) (c) 

Figure 3. Cross‑section of the armor sample under (a) visible and (b) UV light; (c) labeled layers.

3.2. Analysis of the Substrate Material

The reverse side of the lacquer film exhibited unevenly distributed yellowish‑brown
residues with a porous, loosely bonded structure, morphologically consistent with de‑
graded fibrous bundles. These features suggest that the material is likely residual leather
substrate (Figure 4). In certain areas, the brownish residue showed substantial collagen
loss, exposing a darker underlying layer with a rough, grooved surface (Figure 4).
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Figure 4. Microscopic image of brownish residue on the reverse side of the lacquer film.

Scanning electronmicroscopy revealed a network of intersecting fibrous strands form‑
ing rope‑like bundles, with irregular groove‑like microstructures and rough concave sur‑
faces. The fibers exhibited distinct edges and natural torsional patterns, further supporting
the identification of an organic origin (Figure 5).

 

Figure 5. SEM image of the brownish residue on the reverse side of the lacquer film.

FTIR analysis of residue sample displayed characteristic absorption bands at
3423 cm−1, 2973 cm−1, 2925 cm−1, and 1636 cm−1, corresponding, respectively, to O–H
andN–H stretching vibrations, asymmetric stretching of C–Hbonds inmethyl groups, and
the amide I band (Figure 6). These spectral features are partially consistent with proteina‑
ceous materials. Although aging typically reduces the intensity of amide bands, the amide
I band remains dominant in most aged protein samples. Thus, despite extensive degrada‑
tion, the spectral evidence suggests the presence of protein‑based components within the
residue [17,18].

Figure 6. FTIR absorption spectrum of the armor substrate.

Integrating the microscopic and spectroscopic results, it is inferred that the observed
residues are derived from aged leather, confirming the use of a leather substrate in the
original armor fabrication.

3.3. Lacquer Film Analysis

The FTIR spectrum of the sample’s lacquer surface (Figure 7) exhibits distinct ab‑
sorption bands at 3436 cm−1, 2918 cm−1, 2850 cm−1, 1633 cm−1, and 1027 cm−1. These
peaks correspond to the stretching vibrations of hydroxyl groups (O–H),methylene groups
(–CH2), C=C bonds in aromatic rings, and C–O bonds, respectively (Table 1). A weaker
band at 1456 cm−1 may be attributed to the deformation vibration of methylene groups on
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the side chains of urushiol molecules. These spectral features collectively indicate that the
lacquer film was produced using raw lacquer (urushiol) [9,19].

Figure 7. FTIR absorption spectrum of the coating lacquer.

Table 1. FTIR spectral analysis of lacquer.

Wavenumber
(cm−1) Vibration Type and Group Group Assignment

3436 O–H symmetric stretching vibration Hydroxyl groups on the benzene ring
2918 C–H asymmetric stretching vibration Methylene groups in the long side chain
2850 C–H symmetric stretching vibration Methylene groups in the long side chain
1633 C=C stretching vibration Aromatic ring skeleton in urushiol
1456 C–H bending vibration Methylene groups in the long side chain
1027 C–O stretching vibration Carbon–oxygen bonds in urushiol

778 In‑plane bending of ortho‑disubstituted
benzene ring 3‑substituted catechol structure

Lacquer soup is a milky‑white natural emulsion exuded from the phloem of the Toxi‑
codendron vernicifluum. It primarily comprises urushiol, laccase, polysaccharides, glyco‑
proteins, water, and trace metal ions, forming a reactive water‑in‑oil biobased composite
system. To optimize its physicochemical properties and application performance, lacquer
soup is typically subjected to dehydration and oxidative maturation. During traditional
lacquer preparation, various additives are incorporated—including tung oil (a drying oil),
rosin (a natural resin), and wheat flour (a saccharide‑based thickener)—which, through
a series of complex polymerization and cross‑linking reactions, ultimately yield a robust,
three‑dimensional lacquer film.

In the FTIR spectra of lacquerware, the absorption bands observed within the 1300–
1000 cm−1 region are attributed to C–O stretching vibrations. The spectral intensity in
this region is predominantly influenced by three major functional groups: (1) phenolic
hydroxyl groups (C–OH) originating from urushiol; (2) ether linkages (C–O–C) formed
through oxidative polymerization; and (3) glycosidic bonds (C–O–C) associated with lac‑
quer polysaccharides. These characteristic vibrations provide valuable molecular‑level in‑
sights into the composition and curing mechanisms of traditional lacquer films [20–22].

Py‑GC/MS analysis further confirms urushiol as the main lacquer component, with
catechols dominated by heptadecylcatechol (C17) (Figure 8a), a chemical marker typically
associated with Vietnamese lacquer [23]. This is particularly notable, as the artifact was ex‑
cavated from the ancient Chu state—a known lacquer‑producing region of China—where
the use of imported lacquer would be unexpected given the superior quality and local
abundance of Chinese urushi. Additionally, evidence of wax additives was also detected
(Figure 8b).
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Figure 8. RAdICAL analysis of the surface lacquer by Py‑GC/MS: (a) lacquer components; (b) wax
additives.

Elemental analysis of the lacquer surface via SEM‑EDS revealed that carbon and oxy‑
gen together accounted for over 90% of the elemental composition, with minor amounts of
Na, Ca, andMg, further supporting the organic nature of the lacquer (Table 2). No ironwas
detected. Raman spectroscopy of the red and dark brown lacquer layers showed strong di‑
agnostic peaks at 255, 288, and 345 cm−1 in the red areas, consistent with cinnabar (HgS)
as the red pigment (Figure 9). In contrast, Raman spectra from the dark brown lacquer ex‑
hibited no peaks at ~1320 cm−1 and ~1580 cm−1, which are characteristic of carbon black,
and instead presented smooth spectral curves, indicating the absence of added black pig‑
ments. The dark coloration is therefore attributed to the natural color of the urushiol‑based
lacquer rather than intentional pigmentation.

Table 2. SEM–EDS elemental composition of the black lacquer surface.

Element Weight (%)
C 45.2
O 44.9
Na 2.5
Mg 1.0
Ca 6.6

 

Figure 9. Raman spectra of cinnabar (HgS) identified in the red lacquer layer.

3.4. Technological Reconstruction

Based on the results of the aforementioned analyses, themanufacturing process of the
lacquered armor unearthed from TombM18 at the Chengyang City site in Henan Province
can be preliminarily reconstructed. The substrate was identified as animal leather, while
the lacquer layers were primarily composed of natural raw lacquer (urushi). The brown
and black lacquer coatings did not contain carbon‑based black pigments, such as carbon
black, indicating that the coloration was due to the inherent tone of urushiol. In contrast,
cinnabar (HgS) was detected in the red lacquer layer, confirming its use as a red pigment.

In terms of structural layering, except for localized areas with red lacquer decora‑
tion, the sample generally featured multiple alternating applications of brown and black
lacquer directly onto the leather substrate. These lacquer layers varied in thickness and
surface roughness but were consistently formed using natural urushi. This multilayer lac‑
quering method is consistent with archaeological observations of other lacquered armor
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pieces from the early Warring States period, suggesting a certain degree of technological
continuity and standardization in lacquer armor production during this time.

3.5. Conservation Considerations

During the course of sampling and instrumental analysis, the lacquered armor speci‑
men exhibited progressive dehydration, accompanied by observable stratification between
individual lacquer layers. These signs suggest the onset of structural instability and poten‑
tial future deterioration if left unaddressed. Given the fragile and dynamic state of such
waterlogged organic artifacts, it is essential to consider appropriate conservationmeasures
alongside technological investigations. Accordingly, this section outlines the current chal‑
lenges and potential strategies for the preventive stabilization of lacquered leather armors
post‑excavation. Lacquered leather armors are typically excavated in a highlywaterlogged
condition, with the original organic substrate—primarily leather—often severely degraded
or entirely disintegrated, rendering accurate identification and retrieval challenging. These
artifacts, having been buried for extended periods in low‑oxygen, high‑humidity environ‑
ments, exist in a state of fragile equilibrium. Upon exposure to ambient conditions, they
undergo rapid and irreversible physical and chemical deterioration, particularly due to
moisture loss, leading to structural collapse, lacquer delamination, surface deformation,
and powdering. Immediate post‑excavation intervention is therefore critical to control the
drying rate and reinforce structural integrity, thereby mitigating further degradation.

Traditional conservation approaches have employedglutaraldehyde as a cross‑linking
agent to stabilize organic matrices by enhancing their mechanical strength. However,
issues related to limited reversibility and potential chemical residues have prompted
the exploration of alternative consolidants. In recent years, advanced materials specifi‑
cally designed for the conservation of organic cultural heritage—such as moisture‑curable
polyurethane (MCPU) [24–27] and acrylic‑metal complexes (AMC)—have been devel‑
oped [28–30]. These materials exhibit improved compatibility, flexibility, and long‑term
stability, and have demonstrated encouraging results in preliminary applications on exca‑
vated organic artifacts.

Futurework should focus on systematic evaluation of the physicochemical properties,
aging behavior, and field applicability of these novel materials. Furthermore, the establish‑
ment of a standardized conservation framework tailored to the diverse material states of
organic archaeological objects will be essential for improving the scientific rigor and effec‑
tiveness of conservation practices.

4. Conclusions
This study conducted detailed morphological observations and material analyses on

a lacquered armor fragment unearthed from Tomb M18 at the Chengyang City site in
Xinyang, Henan Province. The following conclusions can be drawn:

(1) The lacquered armor sample is generally well‑preserved in shape; however, the lac‑
quer surface exhibits typical signs of aging, including warping, blistering, fragmen‑
tation, and cracking, indicating significant physical deterioration during burial.

(2) The substrate was identified as animal leather. The remaining fibrous material on the
reverse side shows uneven coloration, a loose and degraded structure, and a rough,
furrowed appearance at the base lacquer layer, all of which point to a high degree of
degradation.

(3) The brown and black lacquer layers display coloration consistent with the natural
tone of raw lacquer (urushi), with no evidence of added carbon‑based black pig‑
ments. Cinnabar (HgS) was identified as the red pigment in localized red lacquer
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layers. Combined results from FTIR, Raman spectroscopy, and Py‑GC/MS confirm
that natural raw lacquer was the primary film‑forming material.

(4) Structurally, the armor was produced by repeatedly applying alternating brown and
black lacquer layers directly onto the leather substrate. The lacquer layers differ in
thickness and texture, with selective application of red decorative coatings. This mul‑
tilayer lacquering approach not only enhanced the mechanical strength and protec‑
tive function of the armor but also reflects a high degree of technological continuity
and standardization in lacquered armor production during theWarring States period.

The lacquered armor sample analyzed in this study revealed a catechol profile domi‑
nated by C17 dihydroxybenzenes, a chemical signature commonly regarded as indicative
of Vietnamese lacquer. However, considering the archaeological context and the abun‑
dance of native lacquer resources in the Chu region, it is unlikely that this artifact was
produced using lacquer imported from Vietnam. Therefore, this study questions the gen‑
eral validity of C17 catechols as definitive markers of Vietnamese lacquer and proposes
further systematic research on regional lacquer chemotaxonomy to refine the provenance
identification framework for ancient lacquer materials.
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