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Microstructural evolution of Jin Zhuan
from the Ming and Qing dynasties at the

Yuanhetang kiln site

M| Check for updates

Yushen He' <, Yanhong Li? & Yi Zhou®

This study investigates the unfired and fired microstructural characteristics of Jin Zhuan (imperial
bricks) from the Ming—Qing period, using materials excavated from the Yuanhetang kiln site in Suzhou,
China. Employing a combination of X-ray diffraction (XRD), scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM-EDS), and mercury intrusion porosimetry (MIP), the
mineralogical composition, microstructural evolution, and porosity changes associated with the
imperial brickmaking process were analysed. The unfired samples exhibited a fine-grained, silicate-
rich clay body, while the fired bricks showed evidence of significant densification, sintering neck
formation, and a more uniform pore network. Comparison with historical texts, such as Zaozhuan
Tushuo and Gusu Zhi, highlights the intricate artisanal techniques developed to optimise brick
performance. Our findings provide new scientific insights into the material transformations
underpinning the renowned durability and quality of Jin Zhuan, offering valuable references for future
conservation, heritage reproduction, and material science research.

Fired clay bricks have been present in China since the Neolithic period, with
archaeological evidence suggesting their production as early as 5000 years
ago'. However, their widespread structural use did not emerge until the late
3rd century BCE, when brickmaking became institutionalised in
architecture'”.

Imperial bricks known as Jin Zhuan (£%%), often translated as “golden
bricks,” were a distinctive category of high-quality fired clay bricks reserved
for high-status imperial constructions during the Ming (1368-1644 CE) and
Qing (1644-1912) dynasties of China’. Valued for their exceptional density,
smooth finish, and distinctive metallic resonance when struck, Jin Zhuan
exemplified the aesthetic and technical ideals of imperial craftsmanship—
qualities traditionally summarized as “heavy as gold, bright as a mirror,
smooth as cream, and sounding like metal and stone™. According to
Zaozhuan Tushuo ({JEFEZE %) , Treatise on Brickmaking) compiled by
Zhang Wenzhi, a senior official of the Ministry of Works during the Ming
dynasty, the production of Jin Zhuan was formally institutionalized during
the Yongle reign (1402-1424 CE), when the imperial court commissioned
63 kiln households in the Lumu area of Suzhou to manufacture bricks for the
newly constructed Forbidden City. The text specifies that the bricks had to
meet rigorous dimensional standards and be produced exclusively from clay
sourced in northeastern Suzhou’. Additional records in Gusu Zhi ({#& 7
E, Records of Suzhou) confirm that the bricks from this region were
highly regarded for their strength and uniformity®. While initially used for

palatial structures, Jin Zhuan later served broader roles in Qing dynasty
architecture, including temples, government buildings, elite residences, and
ornamental gardens’. These historical sources provide detailed accounts of
sourcing, sedimentation, forming, and firing techniques, especially in
Zhizhuantu (FIFEE) | Hlustrated Manual of Brickmaking), an illustrated
manual associated with Zaozhuan Tushuo. As a visual supplement to the
text, this manual vividly demonstrates the systematic and technically refined
nature of imperial brick production’.

Although richly documented in historical records, Jin Zhuan has rarely
been examined through modern scientific approaches. Most existing studies
focus on archival texts, traditional craft manuals, and oral accounts from
contemporary practitioners’, with limited attention to their physical,
mineralogical, or microstructural properties. To date, the only known sci-
entific investigation of Jin Zhuan is the 1989 study by Yang Wuhua et al,
which analysed bricks from the Forbidden City using basic compositional
and physical methods. Their study concluded that the material was
incompletely sintered, with relatively low porosity and good density, and
was composed of processed, fine-grained clay’. However, this pioneering
study was limited to finished products and did not examine the transfor-
mation of material structure during firing. Existing studies on historical
bricks have addressed a range of technical aspects, including their chemical
composition®?, microstructure' "'+’ 10182023

, mechanical performance ,
. . 17 . . 12-15,20,21
weathering mechanisms'’, provenance and raw material sourcing
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surface features and coatings’™, and firing technology and thermal

behaviour'*'*'>'*'%*%*> However, comparative analyses incorporating both
unfired and fired brick samples within a single production sequence remain
largely absent.

Recent excavations at the Yuanhetang kiln site in Suzhou have pro-
vided a rare opportunity to address this gap. The site, covering 1,618 m*and
divided into four excavation areas, yielded 48 features, including 12 kilns,
drying areas, sedimentation pits, brick roads, and other associated struc-
tures. It produced both well-preserved unfired brick bodies from drying
areas and fired Jin Zhuan samples from kiln remains, enabling a direct
comparative study of raw and finished materials within the same production
sequence. This study applies three widely adopted techniques in the analysis
of historical bricks: X-ray diffraction (XRD)’*, scanning electron micro-
scopy (SEM)'"'>'*'"** and mercury intrusion porosimetry (MIP)'****, to
investigate mineralogical composition, microstructural features, and pore
system evolution. By combining these methods, this study aims to reveal the
microstructural mechanisms that drive densification and porosity evolution
in imperial brickmaking, thereby contributing new scientific insight into the
technological complexity behind this enduring craft tradition.

Methods
Sample collection and preparation
All samples were collected from the Yuanhetang kiln site, located in the
Lumu area of Suzhou, Jiangsu Province, China. This site, excavated in
2021-2022 by the Suzhou Institute of Archaeology, is a Ming dynasty kiln
site where Jin Zhuan were produced. The excavation uncovered kilns,
sedimentation pits, ash pits, and a drying area that preserved unfired brick
blanks. The co-occurrence of unfired and fired bricks at the site offers a
valuable opportunity for comparative study.

The unfired sample used in this study was taken from the drying area.
To avoid surface contamination, the outer layer was removed and material
was collected from deeper interior portions. The fired Jin Zhuan sample was
collected from nearby kiln remains for comparative analysis. Representative
images of the sampling context are shown in Fig. 1.

X-ray diffraction (XRD) analysis
X-ray diffraction was conducted to identify the crystalline phases present in
the samples. The analysis was performed using a D/max-rB 12 kW powder

diffractometer with the following conditions: tube voltage of 40 kV, tube
current of 100 mA, graphite monochromator, 6/28 scanning mode, scan
speed of 8° (20) per minute, and a step size of 0.02° (20). Measurements were
carried out at room temperature (24 °C) and a relative humidity of 50%.

Scanning electron microscopy (SEM-EDS)

Microstructural features were examined using an FEI Quanta 200 FEG (FEI,
USA) under high vacuum. The fired sample was imaged at 15.0 kV (working
distance 14.2 mm, spot size 4.0); the unfired sample at 10.0kV (working
distance 14.5 mm). Both micrographs were acquired at a nominal magni-
fication of 2000%. Energy-dispersive X-ray spectroscopy (EDS) was used to
qualitatively assess elemental composition.

Mercury intrusion porosimetry (MIP)

Mercury intrusion porosimetry was employed to investigate pore size dis-
tribution and total porosity. This technique provides quantitative data on
the internal pore structure of porous materials and is widely used in the
study of historic building materials. A Quanta Chrome AutoScan-33 por-
osimeter was used for the measurements.

Results

Mineralogical characteristics of the unfired sample

XRD analysis of the unfired brick sample (Supplementary Fig. 1) identified
quartz as the dominant mineral phase, accompanied by notable amounts of
montmorillonite and minor feldspars (Table 1). This composition is char-
acteristic of a fine-grained, silicate-rich clay body suitable for imperial
brickmaking. The presence of montmorillonite is particularly significant, as
it is known to enhance both the plasticity and green strength of raw clay
materials, improving their overall workability and structural stability prior
to firing”. Feldspar and calcite, though present in limited quantities, are
common constituents of natural soil.

According to Zaozhuan Tushuo, clay used for Jin Zhuan was sourced
exclusively from the Lumu region northeast of Suzhou, where a distinctive
dry yellow soil was prized for its performance. The treatise describes an
elaborate multistage refinement process, including sun-drying, pounding,
sieving, levigation through tiered settling pools, and extended shade-drying
and compaction over several months prior to shaping’. These procedures,
though based on empirical practice rather than compositional theory,

Fig. 1 | Site context and representative samples
analysed in this study. a Unfired brick blanks
exposed in situ at the drying yard of the Yuanhetang
kiln site. b Fired imperial brick (Jin Zhuan) bearing
an official stamp, excavated from the same context.
¢ Representative unfired brick sample.

d Representative fired brick sample. Scale bars in (c)
and (d) are estimated from sample dimensions.
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appear to have effectively concentrated the fine-grained fraction and
minimised deleterious inclusions, resulting in a clay body composition well
suited to the strict forming, drying, and firing demands of imperial
brickmaking.

Table 1 | Mineralogical composition of the unfired brick
sample based on XRD analysis

Mineral phase PDF card Estimated wt.% ()
Quartz PDF#01-075-0443 63.3+0.9
Montmorillonite PDF#00-029-1499 17.8+0.4
Albite PDF#01-071-3816 7.8+0.2
Microcline PDF#00-019-0932 59+0.2
lllite PDF#00-026-0911 3.3+0.1
Calcite PDF#01-086-4274 1.9+0.1

Fig. 2 | SEM and EDS analyses of the unfired and fired Jin Zhuan samples. a SEM
image (2000x) of the unfired sample. b EDS spectrum of the unfired sample. ¢ SEM
image (2000x) of the fired sample. d EDS spectrum of the fired sample. Although
both SEM images were acquired at a nominal magnification of 2000, they were

Structural evolution during firing

This study systematically revealed the microstructural transformation,
elemental composition, and pore characteristics of Jin Zhuan samples
during firing. The combination of SEM, EDS, and MIP techniques allowed
visualisation of the densification process and quantitative analysis of
microstructural reorganisation.

The unfired sample showed a loosely packed, sheet-like, and highly
porous structure under SEM (Fig. 2a), with distinct grain boundaries and
little evidence of continuous contacts or neck formation, indicating rela-
tively low mechanical strength and stability. EDS analysis (Fig. 2b) identified
O, Si, and Al as the principal elements, with minor K, Na, Ca, and Fe,
characteristic of typical clay mineral compositions. In contrast, the fired
sample exhibited markedly different features (Fig. 2c), including well-
developed sintering necks, blurred grain boundaries, and partial particle
coalescence, forming a more continuous and cohesive microstructure. EDS
analysis (Fig. 2d) showed a similar elemental profile, dominated by O, Si, Al,
Fe, K, Na, and Ca. These microstructural and compositional changes suggest
that the firing process transformed the material from a loosely aggregated
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collected in separate sessions on different instruments, leading to differences in field
of view and on-image scale. Accordingly, morphological comparisons are qualita-
tive, focusing on particle packing, pore structure, and grain-size distribution.
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Fig. 3 | Log differential intrusion versus pore size
of the unfired Jin Zhuan sample. The curve exhibits
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particle body into a densely sintered matrix, thereby improving its density
and mechanical performance.

MIP analysis (Figs. 3 and 4) provided quantitative confirmation of
these observations. The unfired sample (Fig. 3) had a total porosity of
approximately 26.5% and an average pore diameter of around 28.8 nm
(Supplementary Table 1). Its log differential intrusion versus pore size curve
displayed a distinct bimodal distribution, with a primary peak near
300-400 nm and secondary peaks at 40-50 nm and 10-20 nm, reflecting a
multi-scale pore network formed during shaping. In contrast, the fired
sample (Fig. 4) showed a slightly reduced total porosity (25.3%) and an
increased average pore diameter (42.8 nm) (Supplementary Table 1). Its
differential intrusion curve presented a single dominant peak, with sharply
reduced secondary peaks. This suggests that the firing process involved the
collapse of larger pores and reorganisation of the fine-pore system, leading
to a more uniform pore distribution. Despite the slight increase in average
pore diameter, the overall reduction in porosity and the homogenisation of
the pore network contributed to enhanced densification and mechanical
strength. These findings are consistent with the SEM-EDS observations (Fig.
2), jointly revealing the key physical mechanisms underlying Jin Zhuan’s
performance improvements during firing.

In summary, the SEM-EDS and MIP tests revealed the microstructural
evolution, pore reorganisation, and densification mechanisms occurring
during the firing of Jin Zhuan. These insights enrich our understanding of
the microstructural performance of ancient architectural materials and
provide a scientific foundation for future research on process optimisation,
conservation strategies, and long-term durability assessment.

Discussion

The production of Jin Zhuan, or imperial bricks, has long been a symbol of
technical mastery and cultural heritage. Historical texts, such as the Zaoz-
huan Tushuo’ and detailed artisanal records’, describe a meticulously
structured production process encompassing over twenty interlocking
stages. According to the Zaozhuan Tushuo, this process involved seven
cycles of clay preparation (sun-drying, pounding, grinding, sieving) and six

cycles of mud refinement (settling, filtering, layering, smoothing, binding,
treading), followed by manual shaping, prolonged slow drying for up to
eight months, and a carefully staged firing regime lasting over 130 days. The
firing sequence used successive fuels—such as rice husks, twig wood, and
pine branches—to gradually raise the temperature and induce controlled
phase changes. After firing, the bricks underwent water curing, polishing,
oiling, and strict inspection, with only the whitest, most flawless bricks
passing the imperial standards™*. These intricate practices were designed to
maximise densification, reduce porosity, and enhance mechanical perfor-
mance. Our experimental results, particularly the identified low-calcium,
silica- and alumina-rich compositions, sintering neck formation, and
reduced pore connectivity, align well with these historical processes,
underscoring the deep empirical knowledge embedded in traditional
craftsmanship. These compositional features laid the foundation for the
subsequent thermal transformation processes, which are examined below
through structural and porosity analysis.

While these historical insights are valuable, earlier scientific investi-
gations have also provided foundational comparative data for under-
standing the properties of imperial bricks. Previous research, notably the
work by Yang et al. 7, provided foundational insights into the chemical
compositions, mineral phases, and physical properties of imperial bricks.
Yang’s XRD analysis identified quartz, feldspar, and mica as principal
crystalline phases in fired bricks from the Forbidden City, with no residual
clay minerals observed. While their provenance remains uncertain, these
bricks are documented to have been used in imperial construction, and their
mineralogical features offer qualitative reference points. Yang also reported
an open porosity of approximately 27.3%, accompanied by high compres-
sive strength and durability. Our study complements and extends this prior
work by applying MIP to quantify not only the total porosity (25.3%) but
also the average pore size, pore size distribution, and structural evolution
during firing. For the fired samples, the total porosity measured in this study
is noticeably lower than the open porosity reported by Yang. Given that total
porosity generally exceeds open porosity, this suggests a higher degree of
densification in our samples. However, this difference likely reflects
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Fig. 4 | Log differential intrusion versus pore size
of the fired Jin Zhuan sample. A single dominant
peak is observed, with significantly reduced sec-
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Table 2 | Comparative porosity data for Jin Zhuan and fired bricks from similar periods reported in previous studies

Period Location Building type Sample number Porosity/% Method Reference
Ming Xi'an City wall 1 19.2 MIP (Total porosity) 16
Qing Xi'an City wall 4 19.3-21.9 MIP (Total porosity) 16
Ming Nanjing City wall 6 37.3 Water saturation method (Open porosity) 18
Ming Nanjing City wall 5 30.9 Water saturation method (Open porosity) 18
Ming Xi'an City wall 4 32.6 Water saturation method (Open porosity) 18
Ming Linging City wall 2 40.0 Water saturation method (Open porosity) 18
Ming Beijing City wall 3 41.6 Water saturation method (Open porosity) 18
Ming Nanjing City wall 2 34.7-35.3 MIP (Total porosity) 19
Qing Yichun Residential building 2 37.4-413 MIP (Total porosity) 19
Qing Suzhou Residential building 1 31.1 MIP (Total porosity) 19
Ming-Qing Suzhou Royal building 2 25.3(unfired 26.5) MIP (Total porosity) [This study]

variations in provenance, historical production techniques, and material
formulations, rather than solely the firing process itself. These findings
highlight the importance of further comparative studies on bricks from
different kiln sites to better understand the technological details and opti-
mise conservation strategies.

The porosity of the Jin Zhuan analysed in this study was also compared
with values reported for fired bricks from similar historical periods (Table
2). Overall, the Jin Zhuan shows lower porosity than most con-
temporaneous wall bricks compiled here, which is consistent with a higher
degree of densification. Note that the literature values include both open
porosity measured by the water-saturation method and total porosity from
MIP; these metrics are not strictly comparable, so the comparison is
intended to be indicative rather than definitive. When considered alongside
the SEM/EDS and MIP observations in this study, these comparative por-
osity patterns indicate stronger densification in Jin Zhuan than in ordinary
wall bricks, motivating the broader implications discussed below.

From a broader perspective, these microstructural insights not only
validate the effectiveness of traditional craftsmanship but also deepen our
understanding of the relationship between material science and cultural
heritage. By bridging the gap between experimental data and historical
documentation, this research offers valuable guidelines for the restoration of
heritage sites, the reproduction of authentic materials, and the preservation
of intangible artisanal knowledge.

This study compared unfired and fired brick samples from the
Yuanhetang site through XRD, SEM/EDS, and MIP analyses. The fired Jin
Zhuan exhibited lower porosity and a denser microstructure than most
contemporaneous wall bricks reported in the literature, reflecting deliberate
firing practices aimed at achieving high strength and durability. These
results align with historical records of standardised production in the
Ming-Qing imperial brickmaking system, illustrating how technical pre-
cision was embedded within state-controlled manufacture. Importantly, the
underlying principles—careful raw material selection, controlled firing
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regimes, and densification strategies—remain relevant today and could
inform the design of durable, low-porosity masonry for sustainable modern
construction, particularly in contexts demanding high weathering resistance
and minimal maintenance. Nonetheless, the absence of direct thermal
expansion data constrains the precision of firing temperature estimates, and
the focus on a single fired-unfired pair from one production site leaves
potential regional variability and statistical robustness unaddressed; in the
future, expanding the dataset to include multiple specimens from other
kilns, as well as controlled experimental firings, would help refine these
interpretations.

Data availability
All data generated or analysed during this study are included in this pub-
lished article and its supplementary information file.
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