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ABSTRACT  This study investigates the crystallinity distribution of ancient silk. Owing to the inherent 

multi-hierarchical structure of silk protein and the complicated structural changes that occur due to 

various burial environments, it is challenging but worthwhile to study ancient silk ageing behavior, 

which is based on the fact that ageing begins with a single fiber and then spreads to a whole fabric. 

Crystallinity was one of the most effective indicators found to reveal the ageing status of silk. Therefore, 

a synchrotron radiation-based X-ray diffraction(SR-XRD) method was employed to study the 

crystallinity distribution of single fibers of ancient silk unearthed from seven archaeological sites in 

China from historical periods including the warring states, Han dynasty, Song dynasty, and Ming 

dynasty. In comparison, the conventional X-ray diffraction method, which uses large amounts of 

samples, was also performed to determine the integral crystallinity of ancient silk. Thermal stability 

experiments by thermogravimetry(TG) as well as morphology observations by scanning electron 

microscopy(SEM) and optical microscopy(OM) all confirmed the deterioration of ancient silk. Moreover, 

the ageing mechanism of ancient silk was proposed with the assistance of an artificial ageing study. 

The results confirmed the effectiveness of SR-XRD as an ageing indicator, revealing the crystallinity 

distribution. This research could provide motivation to determine the deterioration status of ancient silk, 

and would also aid in explaining the fragility of ancient silk due to ageing.

Key Words  Ancient silk, Distribution of crystallinity index, Synchrotron radiation-based X-ray diffraction, 

Conventional X-ray diffraction

  

1. INTRODUCTION

To understand the ageing mechanism of ancient silk is 

fundamental for silk conservation and preservation. However, 

owing to the inherent multi-hierarchical structure of silk 

protein and the complicated structural changes caused by 

various burial environments, it is challenging but worthwhile 

to study ancient silk ageing behavior.

Silk is a kind of semi-crystalline material(Koperska et al., 

2014). The classic model defines silk as a combination of 

crystalline and non-crystalline regions. The crystalline region 

contains closely packed beta-sheet chains with a hydrophobic 

nature and long-range order. Conversely, the non-crystalline 

region of silk consists of random coils with a hydrophilic 

nature and short-range order(Zhou et al., 2001; Ha et al., 

2005). Thus, the two phases show distinct chemical 

properties, which is helpful in our understanding of the 

ageing of silk.

The crystallinity of silk protein is one of the most 

important indicators used to trace the ageing of silk. The 

crystallinity may be investigated through analysis of the 

beta-sheet secondary structure, indirectly by Fourier 

transform infrared(FT-IR) spectroscopy(Koperska et al., 

2015). Therefore, FT-IR has been widely used as an efficient 

technique to investigate the microstructural change in aged 

silk though secondary derivative spectra or the secondary 
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structure(Tsuboi et al., 2001; Luo et al., 2012; Liu et al., 

2019). X-ray diffraction(XRD) provided a direct method to 

study the crystallinity of silk. However, conventional XRD 

methods require large amounts of samples, which must be 

thoroughly ground into a powder to obtain optimal results. 

Additionally, ancient silk with a similar integral crystallinity 

index but with a distinctive distribution could not be 

distinguished by that method. In recent years, synchrotron 

radiation-based methods have been increasingly widely used 

in the study of cultural heritage, from ancient material 

identification to ageing characterization on very small 

samples(Martin et al., 2010; Bertrand et al., 2012a; Bertrand 

et al., 2012b). In comparison with a conventional radiation 

source, synchrotron radiation offers high-quality spectra on 

the micro-scale with focused spot size and high beam 

intensity. The high signal-to-noise XRD patterns are beneficial 

for further quantitative study and the results have greater 

reliability(Janssens et al., 2013; Salvadó et al., 2013). Due 

to the advantages of this technique, sample preparation of 

ancient silk is not often needed, and the ageing distribution 

can be revealed from single fibers of silk(Hermes et al., 2006).

In order to better understand the degradation process, 

evaluate the ageing status, and provide suggestions for the 

effective preservation of historic or archaeological silk, 

artificial ageing was often employed to stimulate the ageing 

process. Artificial ageing was achieved in a controlled 

environment with ultra violet(UV) radiation, soil embedding, 

volatile organic compounds(VOC), inorganic gas, animal 

flesh, or elevated temperature and humidity(Kang, 2009; 

Baek et al., 2012; Kim et al., 2012; Kim et al., 2013; Kim 

et al., 2014; Oh et al., 2014; Kim et al., 2016; Park et al., 

2018; Park et al., 2019). Among these factors, dry-heat 

accelerated ageing was adopted in this study, based on the 

mechanism of ageing starting from a single fiber and then 

spreading to the whole fabric. In this paper, an synchrotron 

radiation-based X-ray diffraction(SR-XRD) method was 

employed to characterize the ageing of ancient silk from 

seven archaeological sites in south China, combined with 

thorough morphology studies by scanning electron 

microscopy(SEM), optical microscopy(OM) and thermal 

stability experiments by thermogravimetry(TG). A comparison 

study between the SR-XRD and conventional X-ray 

diffraction(XRD) of ancient silk was also performed to prove 

the representativeness of the data from single fibers. 

Additionally, in order to clarify the ageing mechanism, 

artificial ageing of silk was carried out, which aided with 

tracing the degradation path of ancient silk. 

2. MATERIALS AND METHODS

2.1. Materials

The experiment used Commercial raw B. mori silk 

fabric(silk, Hefei Guanghua Silk, China), and the chemical 

reagents(sodium bicarbonate, Sinopharm Chemical Reagent, 

China). These ancient samples were all unearthed from south 

China(Figure 1), and were typically submerged in a 

waterlogged burial environment(Xu et al., 2017). Detailed 

information on the Chinese ancient silk samples is provided 

in Table 1. 

 

Figure 1. Archaeological sites of the unearthed silk 

fabrics in China.

2.2. SR-XRD experiment

Sample preparation was referred to in our previous 

study(Zhang et al., 2019). The SR-XRD experiment was 

carried on Beamline BL15U1 in the Shanghai Synchrotron 

Radiation Facility in China. Both ends of the thread from 

fabrics were vertically bonded to the specimen holder. Prior 

to testing, the sample-to-detector distance was calibrated by 

CeO2 powder(Fang et al., 2016). Detailed information of the 

experimental parameters is listed in Table 2. Approximately 

30-40 single fibers(except for the Wangshanqiao sample due 

to the influence of insoluble contaminants) from each ancient 

silk piece underwent SR-XRD for data representativeness.

Fit2d software was used to record the two-dimensional 
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diffraction pattern. In order to obtain a quantitative analysis, 

conversion from the two-dimensional to one-dimensional 

profiles using azimuthal integration was conducted. The 

deconvolution process was performed on Grams/AI 9.2, and 

fresh silk samples were used as control samples for 

preliminary fitting. The numbers and the position of hidden 

peaks of fresh silk were referred from the literature(Martel 

et al., 2007). Due to the possibility that the inorganic salts 

attached to the ancient silk might contribute to the 

crystallinity of protein, the crystallinity index was calculated 

by the following equation rather than Chen’s method(Fang 

et al., 2016), see Eq. 1.

              (1)

Ic is the sum of the integrated intensity of the (200) and 

(210) Bragg peaks, and Ia is the integrated intensity of the 

amorphous halo.

The one-dimensional Gaussian profile was drawn as Q 

(nm-1) against intensity. However, the literature often 

employs d (nm) rather than Q. The transformation of Q to 

d is expressed by Eq. 4. 

                (2)

               (3)

               (4)

2.3. Conventional XRD experiment

The degummed fresh silk fibers, artificially aged, and 

naturally aged samples were ground into powders for 

conventional wide-angle X-ray diffraction(WAXD)(D/max- 

TTRIII, Smartlab, JPN). The crystallinity of ancient silk was 

determined using the Smartlab platform with Cu Ka 

radiation(λ = 0.1542 nm) within the range of 5–35°. The 

crystallinity analysis of artificially aged silk was performed 

using a D/max-TTRIII instrument with the same protocol. 

Compared with our previous study(Zhang et al., 2019), in 

this work, more artificially aged silk was prepared to assist 

in understanding the ageing mechanism of ancient silk. The 

XRD pattern was deconvoluted with Grams/AI 9.2 software 

to determine the crystallinity of the silk fabrics. During the 

fitting, the peak position was identified from a literature 

report(Lu et al., 2007), and the Gaussian band shape was 

applied.

2.4. SEM and optical observation 

The ZEISS GeminiSEM 500 scanning electron microscope 

(GeminiSEM 500, ZEISS, DEU) was employed to study the 

morphology deterioration of ancient silk. Samples were 

analyzed mainly with a 3 kV acceleration voltage and 9 mm 

Sample number Sample name Date Excavation sites

A Wangshanqiao sample
Warring states

Tomb M1, Wangshan village, Chuandian town, Jingzhou 
district, Jingzhou city, Hubei province

B Lu’an sample Jingkai district, Lu’an city, Anhui province

C Xiejiaqiao sample Han dynasty
Qinghe village, Guanju town, Shashi district, Jingzhou 
city, Hubei province

D Nanling sample Song dynasty Tieguai Tomb M1, Nanling county

E Wuxi sample

Ming dynasty

Taodianqiao, Jiangxi commune, Wuxi city, Jiangsu 
province

F Changzhou sample Huaide south road, Changzhou city, Jiangsu province

G Hunan sample Changde city, Hunan province

Table 1. Archaeological information of silk samples 

Items Parameters

Spot size (KB mirror) 5 × 5 µm2

Wavelength 0.088 nm

Exposure time 10 s

Scan range 5-30°

Detector-to-sample distance 173.697 mm

Table 2. Experimental parameters for synchrotron radiation-

based X-ray diffraction 
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working distance. The samples were sprayed with gold for 

electric conduction. Image J software(1.52a) was used to 

analyze the distribution of fiber fineness(width of single 

fiber) for fresh and ancient silk. OM was performed on a 

microscope(VHX-2000C, Keyence, USA).

2.5. Thermal stability

Powders of fresh and ancient silk samples were analyzed 

by thermogravimetric analysis(TGA Q5000IR, TA Instruments, 

USA). The experimental temperature was set to increase from 

room temperature to 600.00℃ at a heating rate of 15.00℃/min 

under nitrogen–gas dynamic atmosphere. The deconvolution of 

the DTG curve was carried out by GRAMS/AI 9.2, in order 

to analyze the decomposition rate of aged silk(Hao et al., 

2019). The deconvolution method of fresh silk was adopted 

from the literature(Hao et al., 2019), and the ancient silk was 

deconvoluted based on the same protocol.

3. RESULTS AND DISCUSSION

3.1. OM and SEM observations

SEM is commonly employed to study the degradation of 

ancient silk by observation of the fiber fracture. It was 

empirically found that the fabrics with stiff and brittle 

properties usually have a black or dark brown color(Figure 2), 

while well-preserved fabrics often exhibit a yellow or 

light-yellow color and are shiny and flexible. Therefore, we 

first believed that the Wangshanqiao and Xiejiaqiao samples 

were severely damaged. The fabrics unearthed from three 

Ming tombs were well-preserved except the Hunan sample. 

Detailed information on the morphology deterioration is 

provided in Table 3. 

(a) Fresh silk (b) Fresh silk
OM

(c) Fresh silk
SEM

(d) Wangshanqiao sample (e) Wangshanqiao sample
OM

(f) Wangshanqiao sample
SEM

(g) Lu’an sample (h) Lu’an sample
OM

(i) Lu’an sample
SEM

(j) Xiejiaqiao sample (k) Xiejiaqiao sample
OM

(l) Xiejiaqiao sample
SEM
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The distribution of the fiber fineness of the Wuxi, 

Changzhou, and Nanling samples was approximately in the 

range of 6-10 µm(Figure 3), while those of samples 

unearthed from Lu’an, Xiejiaqiao and Wangshanqiao sites 

were distributed in the range of 10-14 µm. It was possible 

that the severely degraded samples might be more susceptible 

to pressure, causing flattening during ageing. This is probably 

due to the loss of the crystalline region, which was often 

Sample Morphology observation by OM Morphology characteristics by SEM

Wangshanqiao sample Stiff and fragile with black color
Radial cracks or fractures, longitudinal cracks 
predominated

Lu’an sample Stiff and fragile with brown color
Large holes on the surface with some 
longitudinal cracks and fibrillation 

Xiejiaqiao sample Stiff and fragile with black color Longitudinal cracks predominated

Nanling sample Stiff and fragile with brown color Some cracks and peeling

Changzhou sample Flexible with light yellow color Smooth surface with few contaminants

Wuxi sample Flexible with light yellow color Smooth surface with few contaminants

Hunan sample Stiff and fragile with dark brown color Longitudinal cracks, peeling, and fibrillation

Table 3. Morphology observations of ancient silk

(m) Nanling sample (n) Nanling sample
OM

(o) Nanling sample
SEM

(p) Wuxi sample (q) Wuxi sample
OM

(r) Wuxi sample
SEM

(s) Changzhou sample (t) Changzhou sample
OM

(u) Changzhou sample
SEM

(v) Hunan sample (w) Hunan sample
OM

(x) Hunan sample
SEM

Figure 2. Representative photographs, optical micrographs, and SEM images of ancient silk.
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thought to be associated with the rigidity of silk(Li et al., 

2013). Therefore, it confirmed that the distribution of fiber 

fineness of ancient silks was related to their morphology 

deterioration, and could serve as a rapid and approximate 

assessment of silk ageing. 

3.2. Distribution of crystallinity by SR-XRD

3.2.1. Fresh silk

The representative 2D-WAXD pattern and the 

corresponding 1D deconvolution results of fresh silk are 

shown in Figure 4. 

It was demonstrated that the 2D-WAXD pattern was 

typical of silk protein(Riekel and Vollrath, 2001; Martel et 

al., 2007; Xu et al., 2015). The diffraction speckle with a 

very high intensity located near the equator line should 

belong to crystal planes (200) and (120). The weaker speckle 

located away from (200) and (120) was (030), and the 

meridian speckle mainly corresponded to (002). (200) and 

(120) were not completely laid in the equator line due to the 

placement of the single fiber; nevertheless, this would not 

affect the crystallinity study. From the deconvolution results 

shown in Table 4, both (200) and (120) corresponded to 

crystalline regions composed of beta-sheet chains with 

long-range order. The amorphous region indicated by a 

d (nm)

Assignment Relative area (%)
Our results

Ref
(Martel et al., 2007; Guo et al., 2018)

0.86 0.98 (010) beta-sheets 16.9

0.44 0.47 (200) beta-sheets 21.3

0.42 0.43 (120)  8.0

0.42 0.41 Short-range order 44.5

0.30 (030)  5.0

0.24 (040)  4.3

Table 4. Deconvolution results of fresh silk by SR-XRD

    

(a)

    

(b)

Figure 4. Representative 2D-WAXD of fresh silk. (a) Deconvolution results by using azimuthal integration in Fit2d software, 

(b) Black line, original spectra; red dashed curve, simulated spectra from summed peaks; other dashed curve, the decomposed 

components.
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diffusion halo centered at 0.42 nm(15.0 nm-1) was thought 

to possess short-range order. The crystallinity of fresh silk 

was 34.60±4.00%, which was fairly consistent with XRD 

study(Sampath et al., 2012). 

3.2.2. Ancient silk

The representative 2D-WAXD and corresponding 

1D-WAXD profiles of ancient silk with deconvolution results 

are shown in Figure 5. The distributions of the crystallinity 

index of fresh and ancient silk are displayed in Figure 6.

Figure 6 shows that the proportion of the crystallinity 

index within 26-42% predominated for the Wuxi and 

Changzhou samples. Combined with SEM observations, this 

indicates that the Wuxi and Changzhou samples were 

preserved well, compared with other ancient silk samples, by 

this indicator. For the Hunan sample, a significantly increased 

ratio of crystallinity at 42-70% was observed. This 

phenomenon suggests that the amorphous region of the 

Hunan sample suffered from more deterioration than the 

Changzhou and Wuxi samples. Meanwhile, there is a 

remarkable proportion of crystallinity distributed at 14-26%, 

suggesting that partial degradation of the crystalline region 

of the Hunan sample occurred. Compared with the Hunan 

sample, the Nanling sample showed a lower proportion of 

crystallinity(42-70%), indicating less deterioration of the 

amorphous region. The Hunan sample and Nanling samples 

Figure 5. Representative 2D-WAXD and corresponding 1D-WAXD profiles of ancient silk with deconvolution results(the

1D-WAXD pattern was obtained using azimuthal integration in Fit2d software, the black line represents the original spectra,

red dashed curves represent the sum of fitting, and other dashed curves represent the decomposed components). 
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exhibited similar statistical crystallinity; nevertheless, their 

ageing condition can be distinguished by their crystallinity 

distribution. 

Notably, the Xiejiaqiao and Lu’an samples showed an 

increased ratio of crystallinity(14-26%), indicative of the 

severe damage of the sample. Likely due to the 

transformation of crystalline regions into disordered states, 

the statistical crystallinities of the Xiejiaqiao and Lu’an 

samples were lower than that of fresh silk. The crystalline 

region of silk was reported to degrade rapidly in the final 

stage of ageing by many artificial and natural ageing 

studies(Greiff et al., 2005; Li et al., 2013; Badillo-Sanchez 

et al., 2018). Therefore, the crystallinity distributions of the 

Xiejiaqiao and Lu’an samples suggest that severe degradation 

occurred, resulting in fragility and a lack of physical strength.

Moreover, the Wangshanqiao sample exhibited approximately 

100% distribution in 14-26% crystallinity, suggesting almost 

total degradation of beta-sheet crystallites. The beta-sheet 

crystallites mainly transformed from long-range order to 

short-range order. Therefore, the ageing of the Wangshanqiao 

sample was found to be the greatest among all the ancient 

samples. In addition, the ancient silk showed increased 

standard deviation(except for the Wangshanqiao sample) of 

the crystallinity distribution against fresh silk, indicative of 

the intrinsic heterogeneity of natural aged silk. Furthermore, 

compared with the crystallinity distribution of these ancient 

silks, it seemed that the preservation condition was not only 

associated with burial time, but also with burial environment.

From the above study, it can be deduced that the 

distribution of crystallinity was associated with the 

deterioration conditions of crystalline and amorphous regions 

in ancient silk, and that the serious deterioration of crystalline 

regions was associated with the significant loss of physical 

strength. These assumptions were mostly in agreement with 

the morphological characteristics determined by SEM. 

Microscopic observation is a simple and rapid but 

significant method to examine the morphology of ageing and 

the contaminates of fibers in an archaeological excavation site 

or in the lab. However, this technique is unable to reveal the 

microstructure, and hence, the factors responsible for the 

formation of fragile fibers. SR-XRD is a powerful method 

to investigate the microstructural change in ancient silk with 

only single fibers; however, SR-XRD experiments require 

large facilities, and it is impossible to conduct it at an 

archaeological excavation site. 

3.3. Conventional XRD of artificially aged silk

In order to trace the degradation path and clarify the 

ageing mechanism of ancient silk, thermally aged silk fabrics 

were prepared and underwent conventional XRD. The 

deconvoluted results of fresh silk and thermally aged silk 

subject to 1, 3, 5, 7, and 9 days of heating are presented 

in our previous study(Zhang et al., 2019). For understanding 

of the ageing behavior of seriously deteriorated silk, 

accelerated-age silk with more ageing time was prepared, and 

subjected to 11, 13, 15, and 22 days of dry heat.

From Figure 7, there were four Bragg peaks(~10°, ~19°, 

~21°, ~25°) for beta-sheet crystallites and a broad amorphous 

halo(~22°) arising from the crystallites with smaller sizes 

through the XRD pattern of aged silk(Drummy et al., 2007). 

Combined with the crystallinity obtained from fresh and 

thermally aged silk with 1, 3, 5, 7, and 9-day dry-heat ageing 

(data not shown), the plots of crystallinity against the ageing 

time are displayed in Figure 7e. The amorphous region of 

silk initially degraded as polypeptide chains broke apart, 

resulting in a crystallinity increase when comparing fresh silk 

to that which was aged 3 days. Probably at that time, 

degradation of the crystalline region commenced and the 

increase in the degradation rate led to the decline in 

crystallinity. At 7 days of heating, the crystalline and 

amorphous regions reached a similar deterioration speed, 

which was evidenced by the similarity in crystallinity when 

compared to fresh silk. From 1 to 7 days ageing, loosening 

Figure 6. Distribution of crystallinity index of ancient silk 

with statistical crystallinity inserted.
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of the closely packed beta-sheet chains occurred, accompanied 

by a variation in the orientation degree of crystallites as 

proved by our previous study(Zhang et al., 2019). From 7 

to 15 days heating, the crystallinity decreased slowly due to 

the limited difference in the degradation speed between the 

crystalline and amorphous regions. From 15 to 22 days 

ageing, the drastic loss of crystallinity suggested that the 

crystalline region remarkably transformed into disordered 

states and scissoring of polypeptide chains may even occur. 

In this case, the silk was so fragile that it could be easily 

turned into powder with the highest degradation level.

Although the correlation of the crystallinity with ageing 

time up to 7 days was not distinct, this could reflect the 

ageing mechanism of silk. Moreover, the dramatic loss of 

crystallinity from 15 to 22 days heating suggests that the 

crystallinity in this range could be employed as a marker to 

identify seriously degraded silk.

3.4. Conventional XRD of ancient silk

To prove the representativeness of the data acquired from 

single fibers by SR-XRD, results from the conventional XRD 

using large quantities of ground powders were investigated 

additionally. Deconvolution was undertaken to obtain the 

crystallinity of ancient silk, and the results are shown in 

Figure 8. 

The integral crystallinity index of the Wuxi and 

Changzhou samples revealed by conventional XRD was very 

close to that of fresh silk, and also agreed with the SR-XRD 

results. The crystallinity of the Nanling sample was higher 

than that of fresh silk, also in accordance with the SR-XRD 

study. However, the complete correlation of the crystallinity 

index with ageing time was not proved by the thermal aging 

experiment. Combined with the morphology study, it 

indicated that the Wuxi and Changzhou samples were 

preserved in good condition compared to the Nanling sample. 

For the Hunan sample, crystallinity was the highest among 

all the ancient silks, which was in agreement with the 

SR-XRD study. Therefore, conventional and SR-XRD 

methods both confirmed that serious degradation of the 

amorphous region occurred in the Hunan sample. 

For the Xiejiaqiao sample, both XRD studies confirmed 

that severe deterioration occurred in the crystalline and 

amorphous regions as evidenced by a remarkably reduced 

crystallinity index. Due to the extremely low crystallinity of 

the Wangshanqiao sample, the fitting program could not 

proceed, implying the highest level of deterioration.

However, the ageing of the Lu’an sample is complicated. 

SR-XRD demonstrated that the statistical crystallinity was 

lower than that of fresh silk, while the integral crystallinity 
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was higher when analyzed by conventional XRD. This 

contradiction could be ascribed to the heterogeneous ageing 

of the Lu’an sample. When considered in accordance with 

the fiber fineness distribution study, it was predicted that the 

deterioration degree of the Lu’an sample would be higher 

than that of the Hunan sample, but lower than that of the 

Xiejiaqiao sample. In addition, except for the Lu’an sample, 

the crystallinity distribution obtained from single fibers by 

non-destructive SR-XRD and the integral crystallinity from 

large quantities of powders by conventional XRD were 

basically consistent. Therefore, the ageing of single fibers 

could represent the degradation of partial piece of fabric 

taken from integral piece of ancient silk fabric if the collected 

single fibers were in sufficiently large quantity.

Furthermore, SR-XRD showed a minor contribution of 

crystallinity distributed in 14-26% for the Changzhou and 

Nanling samples, while conventional XRD was unable to 

offer these details. It suggested that SR-XRD could trace the 

serious deterioration process occurring in single fibers of 

ancient silk, despite the whole fabrics being in fairly good 

condition.

3.5. Thermal stability of ancient silk

TG curves and the deconvolution results of fresh and 

ancient silk from DTG curves are shown in Figure 9. 

The thermal stability experiment showed that the 

maximum decomposition temperature(Tp) of ancient silk was 

far higher than that of fresh silk. The reasons could be 

ascribed to the integral contribution of the variation in 

crystallinity, degree of orientation, and the absorbed inorganic 

salts(Zhang et al., 2019), although the increased proportion 

of remaining residue from ancient silk was associated with 

insoluble contaminants, perhaps inorganic materials. 

Combined with the morphology and crystallinity distribution 

study, we speculated that the mass loss at Tp was associated 

with ancient silk degradation processes to a certain extent.

The deconvolution results of fresh silk showed that there 

were two main decomposition processes, centered at ~330℃ 

and ~400℃ respectively, which was in accordance with 

Tong’s report(Hao et al., 2019). The full width at half 

maxima(FWHM) of Tp for ancient silks were all lower than 

that of fresh silk, suggesting that the decomposition rate of 

Figure 8. Deconvolution of conventional XRD patterns of ancient silk(black line represents original spectra, red line 

represents simulated spectra from summed peaks, and other solid curves represent the decomposed components).
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the polypeptide backbone structure of proteins was increased. 

The Changzhou, Wuxi, and Nanling samples exhibited higher 

thermal stability than the Xiejiaqiao and Wangshanqiao 

samples, as evidenced by the remarkably higher FWHM at 

approximately 330℃. Therefore, the TG-DTG curve proved 

that the backbone structures of the Xiejiaqiao and 

Wangshanqiao samples were deteriorated seriously.

The ageing of the Hunan and Lu’an samples seemed more 

complicated. The correlation of the degradation condition in 

amorphous and crystalline regions with the thermal stability 

revealed by the decomposition rate was not clear. It was 

probably due to the that the more heterogenous characteristic 

of these samples than other ancient silks. The degradation 

condition was complicated even in partial piece of those 

fabrics with small sample size.

Therefore, results from the thermal stability study of 

ancient silks were approximately in agreement with SEM 

observations and crystallinity examinations by SR-XRD and 

conventional XRD.

3.6. Ageing mechanism

Figure 10 shows the ageing mechanism of ancient silk in 

three different deterioration status. The amorphous region of 

ancient silk initially swelled by underground water, due to 

the loose alignment of random coils with hydrophilic amino 

side chains. Small molecules such as acids and bases attack 

the random coil, causing scissoring of polypeptide chains and 

the loss of non-crystalline regions(Li et al., 2013). This phase 

was proved by the studying the artificially aged silk from 

fresh to 3 days, and also matched the microstructural 

characteristic of the ancient sample unearthed from Wuxi, 

Changzhou, and Nanling sites. 

Accompanied with the ageing of the non-crystalline 

region, the crystalline fraction started to degrade, as revealed 

by the thermally aged silk at 3 days and the Hunan sample 

with the highest integral crystallinity. In this phase, the 

beta-sheet chains within crystalline regions began to undergo 

conformational and orientational changes, mainly from 

long-range order to short-range order. Subsequently, the 
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Figure 9. TG curves and the deconvolution results of fresh and ancient silk from DTG curves.
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degradation of crystalline regions accelerated with the 

breakage of well-aligned beta-sheet chains from 7 to 15 days 

heating. This ageing phase behavior was shown by the Lu’an 

sample. In the late stage of degradation, the crystallinity was 

almost completely lost and converted to a disordered status 

with scissoring of polypeptides. This phase was demonstrated 

by the artificially aged silk during 15 to 22 days heating, and 

also evidenced by the most deteriorated silks were from 

Xiejiaqiao and Wangshanqiao. 

4. CONCLUSIONS

The ancient silk used in this study was unearthed from 

seven archaeological sites in south China dated from Warring 

States and the Han, Song, and Ming dynasties. The 

distribution of crystallinity identified by SR-XRD could 

explain the degradation status of the amorphous and 

crystalline regions of ancient silk. Combined with the 

morphology observations by SEM and OM as well as the 

thermal stability by TG, it was confirmed that the Wuxi and 

Changzhou samples from the Ming dynasty were preserved 

well compared to other ancient silks. After examination by 

SR-XRD, the Wuxi and Changzhou samples showed a 5-6% 

distribution in crystallinity(42-70%), which was not found in 

fresh silk. The Nanling sample was more fragile in physical 

strength compared with the Wuxi and Changzhou samples, 

and it showed approximately a 20% distribution in 

crystallinity(42-70%). Despite the fact that the number of 

excavated silk fabrics was limited, based on the study of 

these ancient samples, the increased distribution amount in 

42-70% crystallinity could be indicative of the early ageing 

of ancient silk. For severely damaged silk as evidenced by 

a physical strength and morphology study, the Xiejiaqiao and 

Wangshanqiao samples showed a 50-100% distribution in 

crystallinity(14-26%). This confirmed that the initial ageing 

began in the amorphous region with a remarkably increased 

distribution in 42-70% crystallinity. Subsequently, the 

crystalline region was damaged and transformed into a 

disordered status, which was reflected by an increased ratio 

in crystallinity index at 14-26%. 

Moreover, the ageing mechanism of ancient silk was 

elucidated with the help of an artificial ageing study by 

conventional XRD. Meanwhile, the crystallinity distribution 

from single fibers of ancient silk pieces by non-destructive 

SR-XRD was mostly in agreement with that obtained by 

conventional XRD using large quantities of ground powder. 

Therefore, SR-XRD was an effective methodology, not only 

demonstrate that the crystallinity distribution could be used 

as an indicator for the deterioration assessment, but also to 

explain the fragility of ancient silk during ageing.

We hope this research could provide warning of the early 

ageing of ancient silk(excavated silk or historic silk) during 

conservation and preservation procedures. Second, we 

anticipate the crystallinity indicator to be used to reveal the 

microstructural change in severely deteriorated ancient silk, 

such as powdering or fracturing. In addition, this marker 

could be potentially applied in reinforcement assessments 

of ancient silk, especially with biochemical restoration 

treatment.

Figure 10. Ageing mechanism of ancient silk with slight, medium, and serious degradation.
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